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SUMMARY

This report presents the results of a 4-month p_r_ro_etric an__!ysis and con-

ceptual design study conducted by the Research and Advanced Development

Division of Avco Corporation for the Jet Propulsion Laboratory. The study

objectives included a parametric analysis of the unmanned Flyby Bus/Lander

concept for scientific investigation of Mars during the 1969 and 1971 launch

opportunities, a conceptual design of the selected configuration, and a develop-

ment and cost plan indicating the program leading to development and first

flight of the Advanced Mariner Vehicle in 1969.

The Flyby/Lander concept utilizes a 1493 pound spacecraft launched on an

Atlas Centaur launch vehicle. The scientific capability of the lander and flyby
bus vehicles were determined to obtain a balance between scientific data and

overall systems complexity commensurate with the first landing mission to Mars.

The lande r vehicle separate s from the flyby bus vehicle prior to planet encounter, en-

ters the planetary atrnosphe re, and descends to the surface on a parachute. During

atmospheric entry parachute de scent, and surface operations, the lander analyzes

the Martian atmosphere; and for five hours after impact determines wind velocity as
well as performing a simple life detection expe riment. The information is transmitted

to Earth via both a direct transmission link to the D. S. I. F. and is also relayed through

the flyby bus which has been placed on a delayed flyby trajectory for this purpose.

The flyby bus also collects interplanetary data and maps the planet. The lander

vehicle has been designed to accommodate the minimum projected atmosphere

for Mars (11 millibar surface pressure) and surface winds gusting to 200 ft/sec

resulting in impact loads of up to 1500 g for a landed payload protected by
crushable material. The lander is to be dry-heat sterilized to avoid contamina-

tion of Mars with Earth organisms while the flyby bus is placed on a biased

trajectory providing a small probability of entering the planetary atmosphere

and therefore is not required to be sterilized.

The development plan shows that a minimum of three launch attempts are necessary

to achieve an 84 percent chance of a successful mission in the 1969 and 1971

launch opportunities requiring that hardware development begin in e_[rly 1965
to meet a 1969 launch date.
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I. 0 INTRODUCTION

-rl.........-n _-_I...- .... _.......... "- "_- ._o.lto of mission analysis, trao

jectory analysis and payload studies accomplished for the Advanced Mariner

Study Program. A factory to launch and mission sequence is included together
with a definition of the anticipated environments to outline the sequential steps

throughout the assembly; test, launch, and mission phases of the program. A.

mission plan is developed to indicate the number and type of spacecraft required

to attain a reasonable probability of success in accomplishing the total mission

obj • ctive s.

The trajectory data presented detail the anticipated departure, transit, approach,

encounter, and post encounter parameters of importance with particular emphasis

on launch window selection and flyby bus/lander separation analysis. The data

presented in this volume are used extensively in developing the flyby bus and

lander parametric analyses and conceptual designs presented in volumes III

and IV.
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2. O MISSION ANALYSIS

Z. 1 MISSION OBJECTIVES

The Advanced Mariner Study Program provided a five-month parametric evalua-

tion and conceptual design of the Flyby bus/Lander mission for the 1969 and

1971 launch opportunities to Mars. In order to proceed with the study program,
mission objectives and constraints were established. These serve to direct

and restrain the spacecraft design into the size, weight and performance class

appropriate for the first unmanned lander mission to another planet. The Jet

Propulsion Laboratory specified a set of mission objectives at the initiation of

the study program. These were:

1. Demonstrate the capability of successful landing and survival on the

planetary surface for several hours.

2. Successfully perform a simple biological experiment on the planet's

surface for a period of five hours.

3. Extendthe lifetime of the above biological experiment.

Implied in these objectives is successful operation of the flyby bus vehicle

through completion of its lander support mission, lander separation, and any

subsequent operations necessary for relay communications from the lander

through the flyby bus to Earth.

In order to synthesize reasonable lander scientific payloads for the parametric

evaluation and conceptual design studies, the first JPL mission objective was

modified to include such diagnostic data as is necessary to evaluate spacecraft
performance in compliance with the "land and survive" objective.

The third JPL objective was implemented by attempting to augment the simple

biological experiment with a second simple biological experiment operating on

a different life detection principle while extending the surface lifetime to 24 and
48 hours.

A fourth mission objective was added by Avco:

4. Obtain scientific and engineering data in support of future lander
missions to Mars.

This objective includes data concerning the atmospheric properties; density

profile, temperature profile, pressure profile, scale height, wind velocity,

and atmospheric composition as well as surface topographical and geological

data. This data should be sufficient to resolve at least partially the many

uncertainties concerning the Martian atmospheric and surface properties which

-2-
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presently force an extremely conservative approach to the design of a lander
vehicle. The design of future landers in the Voyager and Manned Martian lander

classes is heavily dependent upon good information concerning the entry, descent,

impact, and R,,!rface operatinn phases of these more complex and costly vehicles

which are necessarily more sensitive to anoma!ies in the atmospheric and surface
properties of the planet.

2.2. FACTORY TO LAUNCH SEQUENCE

Figure 1 shows a general hardware flow plan from initial assembly of the

spacecraft subsystems through typical significant operations to launch. It is

intended that various classes of clean room facilities or protective packaging

will be utilized from the original manufacture of the piece parts, their assembly
into subsystems, throughout all test operations and operations at the launch site.

These clean room techniques will be most beneficial in maintaining the highest

standards of total spacecraft assembly, and will increase the probability of
adequate Lander sterilization by minimizing any biological contamination before
the final heat sterilization.

The test and checkout procedures shown in the flow plan consider sterilization

and final test site to be remote from the assembly and test site, due to the

explosive nature of the lander pyrotechnics during the high temperatures of

sterilization. The transfer and shipping criteria between any of the facilities

from assembly to launch will require definition to establish the type protective
ground support and handling equipment needed.

The concept presented assumes a majority of the spacecraft, subsystems are

prepackaged and are adaptable to automatic checkout procedures to minimize

all the checkout tests, but most important, to minimize the launch pad handling
and operations.

2. 3 FLIGHT SEQUENCE

The Advanced Mariner flight sequence as shown in table 1 follows as closely

as possible the Mariner 64 flight sequence. However the new launch vehicle,

and the addition of the lander force, some significant changes. These changes

are particularly apparent in the launch sequence, in the flyby bus/lander

separation-flyby bus slowdown maneuver sequence. In addition, a completely
new sequence,table 2,has been added for the lander after separation from the

flyby bus. Several less apparent modifications have been necessary to accom-

modate the lander, such as trickle charging of the lander battery during the
spacecraft cruise mode, powering of lander thermal control heaters from the

flyby bus during the cruise mode, and receipt of relay communications from
the lander during the encounter phase of the mission.

Particular attention has been applied to synthesis of the flyby bus/lander separa-

tion sequence. The sequence finally selected represents extensive analysis

-3-



_)I _;I

".,, !)

.... l l)' -_:' !)l -E 1_ t_ b

Ei "- _: ,c,

I I_ IIG-.I _i

I I; .'_,I_I

-_ -LL i_:" ""'""

- _

"_ -
." _',!_._ .- ;!_ _ . :_.: .

ll:II ,. . o1

-4-



RE-ORDERN0.

U

0

u'J

U

U

u)

u

'11

o
=.g

I_ g,I

k

U _ U U

II
u

0

U

0 13

E
_ o

i |

U U U

,o

u;

E

III
Q.

0

II

E

6, 0

U

0 0

• •

II

e •

0 0

E E

U _

_ u

•_ o o

.., >. >,.

u 0. ,,..

E _ "
m

[.., [-, [-,

.= .=
_, u u u 0 0

U

I=
=1

0

k

-

_ ° ; ! "

G _ _ G

,,0 0 .,O

O, 4- ÷ 4- 4" d)"s

[.-, _ [.4 [,-= _

0 0 II

g
U l)

Ill IV

• * ° °

N

•_ =
0 0

1 a =

•._ • E

u _

o= .k _ =.

e

2: -- =..-.

...; ,,,;

(I.

k 0

1= 0

.,=,,
,q.m

.8.8
0 0

=1 II

k
U

G
*0

U •

• .

ClQQ

-5*



RE-ORD N0./,y-j 

E
E
0

U

e. o o k k_

_= : _o" __

k

o

) °u
D.
O k

K D.
I) O

I*

= .t) O
_, o U

t : .,

o U U o

,= ,= . ,=

u; ro _ u" "

I=:1
e_t

"U

=i
<

0

==.

k_!u =.
11, I_ U I:1,

.=

r

U

_, U U U

o "_ -.
v k

iJ

U U U U U

• 13 "o ,1= "o 'I= "o

=1 >' =1

U U U U U

0

IE

- • O
E _ i,.- =o _o t- 0

0

+_=
'4-

I

6

o = .,

_) e_ • 0

k

<

t)

" = E

_'.- = _ -; =o

u u m u
• , • • •

= .o

0 '_ _)

k

• o. _.

• I=

=_ - = ;

•=.'_=.;v,_ ="

_ ._._ "

-6-

(.p.-



RE-ORDErNo,

U D. > _.

u u
k

o ._..__ o
h

""_ _ _ 0

u
III

m

2
k

.o

u_

A

0 U

v

il °

"_ U U
m

E_ _ _ U U

ii

[-_ o o

÷ .4-

i_ III

• "_._ "1::.._ "_ T: _ _ o "E E

++ ++ o o + + , + ÷ +
_,,, t.-,,, o o _ t.-, E E E E

e " _ ,

e_

E
E " =

_ -_ ._. _._ ,, :. ...

U ,,

-7-



RE-ORDERNo. ->

E : .
o ..===

• 0 • •

._ _ _

-_: ._ _

0

e_

I

,<.< <:

=. o=0
k k

(3

<

U3

"0
e.
III

<: < < n L) < <: ,< < <: < < <

"0

e

rJ3_ ¢.ej

b:
L) L) U
L) L) L)

U3 U) ¢n

L) L_ 13
U L) L)

U _ U U U U U U U U U

U _ U U O0 U U U U U U U U

A

_ _ ._ _ -_.

+ + +; +; o o

"0

c,

4-

[...,

"_ "¢1 "0 "0 "0 "0 "0 "0

fNI fNI N N _ e4 _

I "1 I i ! s I |

E
E
0

u i=
o '_

0

•_ _ o

..- o_ ...

,=

V) w

= ,,, _..'=
o

"' "0 =¢_ "
0 :_ 0

(V ",IP II 1' _

.._ ,,4 _ '_P _ ,D t-- _0

(P (g _ (P (g lip _ IP

0 0 0 0 0 0
_J _j ¢J (J _J _J ¢J fJ

: : -i "=

_" o_ _" o

u u Io u u u t_ ;,,)

-8-



RE-ORDERNO. - >-

k

el

"0

k _'j

0

E
k

E

_ " 0

_ u u _

0 0
u

(0

k

_ 4

o _ I_
V

ILl

8_8_ 8
! I I I

888 8 °

i i i ! i i i

,.._

.oi
_J

o._
Eo

m,_ ° I

,.-1u I..) _

,i
e_

0

8

• . _. - . . _ __[,.1

_ _ o o o o

• • •

t

___ ,"

oo_ _ _o.

°_ _
._.

,,,,0 ,,o ,,0

.4) ..0

O

"0

O

(.1

_D

-9-



! =°='" ,: _ =

,. _o,.° it 0.

!
J
w

k

=1

k
0

0

o= _ ..
0

"_ I.=

• • •
u U _

• .

. l.I

o • o C_

I,I

o

_ o

= := :_ =__ =j

M

o _

k

J =

0 0 k

,_ _.:_
r_.._ _ _ o

°_ _o o
u_: .-,.,.. |=

_._ _

_ 0

0

o

0

•.0 1_. "0

,o ,o ,o ,o= ,o ,o ,.o

0
U
I=

I,I

: _o _

t'-

-10-



RE-ORDER

0
_3
v

,/
IV

u

0

6 _ =,

Q_

" =E

• ,4 O eJ _,(g

< << .<

0

f_
0
k

÷ 4. ÷

0

0

ft.

e_

"d

E
E
0

0

ffJ

,4 ,4

o _ UI.)

<<

E

o_

E

=¢
b

rO _O

.¢j,_

_3L_ u u ,_

i

.o ,_=..

_-_ .._._

E
o
o A

+_
O

_';" ,=A

oo +,

I A

aO

4"|

.=

I.

E

0

o

"r.

_P

sp
I= s_

o

0

_

_._ L)
t3_ U

=. u

-]]-

I

N
|

t_

!

I

÷

•tJ _"

'11 I= :::I j_

=z.
g

I

E

!

|

0

_'- uj



RE-ORDERNo,y

o
L_

;u
_o

o

o

id

I=

ii II

:s
0

I

II :_ Ii
w

E', -,

°- -i _

_ I'_

,-1 L)_

e

i
II
o

u.u. _ u _ u

o E- _ o -; -;

_ • . _ • ._ _ - . .

N, "_ o
i_ lid

e 4

-IZ-



RE-ORDERNo,

(J
Z

Cf

il'
Z
<

U

J

0

E
0

U

U
(D

m

N

0 _'

._._
._._

el.

m

o
_u

Q

e_

k

"0 0

_ U

"_-_

®

<

_L

0
e_

L1

®._

_._

§_..I_ el

0 _

")a_)J e)
Q

J

)
(..,

w_
m

I

U

E
E
0
U

J

E
k

0.,

,-1 v

U

"0

,-I

m t

E E

eL _m I

,.3 ,-1 -1

U)

,r"

L)

0

O.

U')

L)

U

u .D

"_ k

m..

"0

0

U

_2

_ O_

I

0
U

"C,
>.

u_

°

U I

,D

0

U

._'_

1.4

I
k

0

N

d_

k I,_ 0

._

-_ _._ _

• _ • I_
,,D • I".. 0

ii
!

!

"0 "0 "0
0 0 0

:_ :_ _.
.IF

-13-



"RE-ORDERNo,

A

J.i

o

v

E
o

_3

c
o

m

o

u

o3

m

,iJ

e_

14

o
o

I.,i m

'1:1 o

_J
q_
m

o

d_

m

._ o

o al

M ,.,,

o.:,.1

=_

o

e_. m

°_

_ 0

c_°u

i::

u

k_

o"
u

o

"o

°

°_.._ .,.4

0 _

U
o
E.,o

o ,_ o

•_, _ ._
_ u u

°
,._ U _._
0 0 _

e_

I

E
o
o

m

•_ o

o
u

-o o

L

U
U

3

o o

"o "o o

.-1 ,-1

_'4

o o o
•o "o
o o

e.

0

c
m

u
o,

t_

"o
e,

.-I

u

_o

u

.-I

U

"o

el
,-I

!

m

-4-

U3

m

o

.4-

u3

c3
o

,4-

_3

m

C3
O0

.4-

U3

0
0
N

+

_3

U
o

o

!

..c c _

_J
w

o

.4-

-14-

_" "_ _ "= _0

_u ,,,';= 4 _=



ll-IllIl No.D7-I 

A

i:l
o
U
v

;J

i
E
o

0

II
Ill

II
0

0

0

Ill

U

I
iti

I
._,,4

f-,,

Ill

f,,l

|

0

n.
m

1.4 U

0

Ig

,-1

_J

O
N

÷

U

"r.
U

IU

U U

,.el o
U U

m

I

M U

O

L

r,. _ u

U

o o o

E

m

m

,-1

U

I,i

e_

,-1

0
U

•_= ._
_ E

o o
U U

_w _m

_0 _0

El

li

l I
I i
o o
U U

i_ II k
II i:l II

II Io
.-lu .l'_l

m-4

Ei
"el

0
"el
0

_,¢ m-4 I,-,I _-¢

"13 "0 "0 "0

0 0 0 0

U U _ _ U _ U U

0

N

-l-

r,#)

>,

_-i _ i

_) .-

m

o

N

4-

A

v

N _

U3'_

N

W

N o o- b.1 i c:

U.

I

E

0

0

_ 0

"._ u

_ U

0
U

_ v_ _ eL _ _ "'_ 0

o:! °i
,.= I !I = II

-15-



RE-ORDERN0./ y

A

0

c_
v

)
0

u

0

0

0

0

14

m

14

m

"0

0

U

I

U

.D

U

0

m

I

U

0

&

U

U

0

U

e_
0

,..q

U

0 _

U

U

0

>,

U •

• o __ U

M

>. _, <

0 0

"0

0 0 0 0

IP

m

.4-

¢11 "_

0

U _ U U U

m

0_

+

L

0 _ 0

.._ ._

m

+ I! I +

O_ O"
u_

+ +

e_

_ U

u_
0

0 U

._.

A

0

-)6-

f_

+

U

0 °,_
U

o'_



ll-Olll110._y-l_ _-

A

o
L)
v

I
o

U

o

Q

Q;

c_

o

"i-o

U
14

o
u_

-i=t

E
m

i=
o

g
I
o
r_

m

•_ o

,.1

o

U

_u

k

el
u

o

o_

f
I ii
U

,-.1 u

o

,..1

"r.

qJ

_ u

_ o

!
.,=1

E

o
u

-o o

,-1

I i ii
U U

_: "=i ii

I_

o

•_ o

o

IU

o
II

o o o

C_

o
Ii

k

"0

U u

"o

r_
I °ii

u
c_

&

E
o
u

.=
.I

o

"o

-I

o

i

g

M

_n

.6

(g

o

u_

.4-

k

.,'4

o

o

+._

o

,6
N

+._ +.! ÷.! +_ +.! +

o

o

m _ L

&l

_ _ o0 U

i°- I I_=
o

• r_ _

_I=_ _:o _:-_

o

k

-17-

o

! °_ o
_u



rE-OrDErX0.6y-5 

¢) 1.4

CP
u

0

0

)
u o
,.,m o

"I_ 0 nle

A
"0

0
u

0

qp e3

0 O

(p (3..

U _ _ I:l m

J JS_"

• N N

÷._ + ._

= '-

,il "i::)"l_l

O I,.

• II

_ __

-18-

_3



of many alternate approaches. The influence of flyby bus operations on the

success of the lander mission was carefully considered and the constraints

placed upon the flyby bus mission by the addition of the lander were analyzed

in detail. The selected sequence appears to have the best overall operating
characteristics, however, as an alternate sequence, the flyby bus could return

to its reference SunCanopus orientation between the lander separation and flyby

bus slowdown maneuvers. This sequence would allow the present "command

control and sequencer" to remain unchanged as each of the four maneuver

sequences could use the existing command sequence structure. A small penalty

would result in the flyby bus thermal control and in the weight of battery

required to accommodate the maneuver power requirements, since the maneuver

sequence at lander separation would be lengthened, and sufficient time would not

be available for battery recharge before flyby bus slowdown.

The lander mission sequence outlines the sequence of events and operations

from lander separation through the five-hour mission on the planetary surface.

Both relay and direct link communications have been included for redundancy

and to explore the impact of both systems upon the spacecraft design. The
lander mission as it is shown could be modified to extend its lifetime to 24

hours or to considerably increase the relay link data output without exceeding

the Advanced Mariner capability. These alternate missions have not been

explored in detail.

2.4 ENVIRONMENTAL REQUIREMENTS

The effect of the total environment on the flight hardware, with its subsequent

influence on the associated aerospace ground equipment throughout the entire

mission sequence, is one of the earliest design considerations. In many cases

the Earth handling and test requirements will establish the design criteria.

As an example, the Advanced Mariner design for the lander heat sterilizationwtI1

probably be the most severe design constraint. In developing this conceptual

design, these environmental influences were studied in two representative

categories, Factory to Launch and Launch to Mission.

1. Factor), to Launch Environmental Requirements

The criteria for design of the ground support equipment used throughout
the Factory to Launch Sequence of operations is based on the environmentl

encountered throughout this phase, as shown in table 3, whereby the major

aspects of this handling equipment would be to maintain the spacecraft in

the factory clean room environment throughout most of its Earth storage
and life. Past studies of these expected envi;onrnents have been updated

for the Advanced Mariner mission sequences as presented herein. It warn

presumed that the transfer from the factory to the sterilization and test

site will be by special air or truck transportation. This same criteria

would also be applied for the transfer to the Launch site. These same

shipping and handling equipment and techniques developed to accommodate

-19-
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these major shipment phasescan be utilized for shorter, less severe

transfers, such as between the spacecraft assembly building and the launch
pad while at the launch site.

Z. Launch to Mission Environmental Requirements

Past studies of Earthto Mars environments have also been adapted to the

Advanced Mariner ruission from launch to lander operation on the surface

of Mars and bus operation after planetary encounter. These environments

will be updated as new data become available from continuing space
studies and exploration.

Z. 5 MISSION SUCCESS PROFILE

During the conceptual design phase, the reliability profile for the Advanced

Mariner mission was developed. This reliability profile shows the probabilities

of successfully accomplishing major events in the mission. The key steps
involved in this analysis were as follows:

1. Prediction of the system failure contributions

2. Preparation of the mission success diagram

3. Development of the mission mathematical model

4. Quantification of the mathematical model

Since the development of the reliability profile required the prediction of the

system failure contributions, a valuable output from the analysis was the esti-

mate of system mission reliability. An indication of the degree of the reliability

improvement needed in the program can be obtained by comparing these system

reliability predictions with preliminary reliability goals allocated to these same
systems.

In addition to providing success probabilities for the critical events occurring

during the mission, the analysis resulted in an estimate of the probability of

success for the overall flyby bus/lander mission. The latter reliability esti-

mate was used to determine the probabilities of obtaining at least one successful

mission out of "n" launch attempts.

Because of several important limitations, it was necessary to make some

qualifying assumptions. These limitations and the related assumptions are
described below.

1. Little is known of the effects of storage on equipment reliability during

the transit phase of mission. However, the various parts, components,

and subsystems will presumably be stored in a controlled environment; i. e. t

-Z3-
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every attempt will be made to maintain an environment which approaches

room ambient conditions. Therefore, it was assumed "that the problem

of failures due to storage (of electronic equipment in particular) is not

serious when compared to the problcms of failures due to other sources

•.. "% and hence, considered negligible.

2. Details concerning the reference system designs are not too complete

at this time. It is _:ecognized that significant deviations between the refer-

ence designs and later definitive designs could cause changes in the system

reliability estimates. These variations, however, are expected to be com-

pensating so that little difference will result in the reliability estimates.
Hence, the reference system designs were assumed to closely approximate

later definitive designs.

3. Since reliability is a time-dependent, probabilistic expression, _-_ and

a detailed mission profile for each system was not readily available, any

significant change in the operating time of a system would modify its
reliability estimate• As in the previous case, it was assumed that this

effect on the overall mission reliability estimate would be minimum.

4. The availablity of failure rate information for most parts, components,

and subsystems used in the space environment is quite limited. When
available, these data often indicate wide variations in the failure rate

experience of similar component types. To compensate for these deficiences,
a number of failure rate sources were examined to assure the selection of

the most realistic failure rates associated with off-the-shelf missile and

space parts, components, and subsystems. Thus, it was assumed that

this screening process minimized any gross errors in the reliability
estimation.

5. There is little information concerning the effects of heat sterilization

on equipment reliability. However, it is believed that the irnplementation

of a de'sign review program which assures the selection and application of

heat resistant parts and materials will minimize reliability degradation
attributed to heat sterilization• Hence, it was assumed that the effect of

heat sterilization on equipment reliability will be negligible.

6. There are some parts, components, and subsystems which are in-

herently redundant or can be made redundant without difficulty. However,
because of the incomplete nature of the design details, series operation was

assumed for the various spacecraft systems and its elements, except in

cases where redundancy was specifically indicated.

* This is the conclusion reached by Task Force 8 of the Advisory Group on Reliability of Electronic Equipment in •

study to investigate the effects of storage on electronic reliability; included in the study was equipment stored for

periods of from 3 to 5 years.

,o Except in the case of one-shot items such as shaped charges and solid rockem.
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RE-ORDER

The method of approach used to derive the mission reliability profile is briefly
described below.

The failure contribution of the systems comprising the flyby bus and lander

was predicted in terms of their element failure rates. Basically, this was

accomplished by (1) determining the elements (parts, components, and

subsystems) within each system, t (2) assigning failure rates, extraceed
from a variety of appropriate failure rate sources, to these elements, and

(3) statistically combining the element failure rates to determine the system
failure contributions. The failure contribution of a series operating system,

where failure of a single element results in a system malfunction, was

obtained by summing the element failure rates. For a system with redundant

elements, a more complex model was used.

An analysis was conducted to show the combination and sequence of major

events which must occur to achieve mission success. This analysis made
use of the information contained in the detailed flight sequence to establish

the relationship between each system (or its elements) for successful

execution of each major mission event. For example, to decelerate the

Mars lander for planetary entry, it will be necessary to (1) deploy drogue

chute, (2) jettison the lander structure, and (3) deploy the main chute.

Each of these three subevents requires the successful operation, in proper

sequence, of several systems.

A mathematical model which expresses the probability of mission sucess

as a function of the successful accomplishment of the various mission events

was developed which describes probabilistically the sequence and relation-

ship of events (including launch) which occur throughout the mission. Since

all events must be successfully executed to achieve total mission success,

this probabilistic expression can be reduced to a simple series model.

The failure contribution of the various systems was then factored into the

mission mathematical model. This was done by calculating the probability

of success for each major event included in the model * The computation

involved three basic inputs: (1) the systems (or elements thereof) required

to accomplish each event, taking into consideration the subevents occur-

ring prior tothe execution of each major event, (2) the failure contribution

of each system employed, and (3) the operational time for each system.

For each event, a system (or its elements) possessing a failure rate, X,

will be required to operate for some time, t . _'* The reliability of that

system can be given by the exponential failure distribution model, R(t) =
exp (-At) , where R(t) is the reliability or prob.ability of success for time, ¢ .

t The term "part" refers to elements such as valves, filters, regulators, etc.; "components" refers to elements such am
transmitters, receivers, inverters, etc.; "subsystems" refers to elements such as telemetry, data automation, commmnd,
etc.

" The reliability (0.75) of the Atlas-Centaur launch vehicle was estimated by extrapolating the achieved reliability o/
the Atlas and Atlas-Agena boosters.

"" Except in the case of one-shot devices which are not time dependent.
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Since several systems must usually operate failure-free to successfully

accomplish a mission event, the success probability for that event is given

as the product of the reliability estimates for those systems. The resultant

quantitative expression of event success probabilities, as a f,mction of time,

yielded the reliability profile for the Advanced Mariner mission (see figure
Z).

The development of 1he reliability profile resulted in estimatest of mission

reliability for the various spacecraft systems. For comparative purposes,

allocated system reliability goals are also given. These system goals are

associated with a mission success objective of 0.50 and were allocated

using the model described in the Voyager final report.tt

In the Advanced Mariner program, multilaunches will be employed to

enhance program success. From the above analysis, the probability of
success for a single flyby bus/lander mission was estimated to be 0. 45Z;

i. e. , the product of booster reliability (0. 75) and spacecraft reliability
(0. 603). Cumulative binomial probability tables were then used to deter-

mine the probabilities of at least one successful mission out of n launch

attempts. These results are shown graphically in figure 3. In conclusion,

there is a better than 90 percent probability that with four launch attempts,
there will be at least one successful flyby bus/lander mission in the
Advanced Mariner program.

2.6 MISSION DATA REQUIREMENTS

In developing the bus mission and the payload for the lander vehicle a series of

tradeoffs of equipment and instrumentation were necessary. The details of the

results of these selections are discussed in volumes (3) and (4) wherein the

parametric payload and selected payload analysis are shown. Tables 5, 6, 7

and 8 list the data requirements established to accomplish the selected con-

ceptual design. The number of bits of data shown on these tables are repre-
sentative of the selected design. Of the 31,051 total number of lander data bits

shown, 2.6,470 are for science data and 4581 are in the engineering diagnostic

and event category. This 85/15 percent split is typical of what can be expected

throughout most of the payloads analyzed. The playout of 13,161 bits after

landing is totally redundant through the relay link to the flyby/bus and directly

to Earth via the DSIF link. Of these, 8165 bits are a replay of stored data
taken during entry.

t These estimates obviously exclude the reliability of the booster.
tt This model, which is based on quantitative factOrs,is explained on pages 309 and 310 of Volume Three. "System

Analysis," (part of the Voyager Design Studies, prepared by Avco Corporation under Contract No. NASw"697",15
October 1963).

11
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TABLE 5

BUS DATA LIST

Scientific Instrument

Cosmic Dust Detector

Micrometeoroid Detector

Ion Chamber

Particle Flux Detector

Magnetometer

Infrared Spectrometer

TV Mapping System

Engineering Diagnostic and Event Data

Selected monitors on all operational equipment to determine equipment

status.

Monitor sequence of events and timing marks to determine spacecraft

status.

Relay Lander Data

Receive from Bus and retransmit to DSIF all data from the three phases

of Lander operation.

I
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TABLE 6

LANDER DATA LIST - 1

1560 BITS

Separation to Entry

First Playout - Post Separation (twice)

Second Playout - Pre Entry (twice)

Engineering Diagnostic Data

Battery Temperature

Battery Voltage

Current Drain

Calibration

Exciter Power Output

Amplitron Power Supply Voltage

Amplitron Power Supply Current

Amplitron Power Supply Recycle Indicator

VSWR

Science Temperatures (three)

Vehicle Temperatures(three)

Capsule AV

Rocket Temperature (Before Ignition)

Event Data

Separation

Spinup

Rocket Ignition

Rocket Jettison

De s pin
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TABLE 7

LANDER DATA LIST - Z

16,330 BITS

Entry to Impact

Playout twice during main chute, desce,_t

Engineering Diagnostic .Data

Battery Temperature

Battery Voltage

Exciter Power Output

Amplitron Power Supply Voltage

Amplitron Power Supply Current

Amplitron Power Supply Recycle Indicator

VSWR

Forebody Temperature

Afterbody Temperatures (three}

Event Data

O. 1 ge ascending

I.0 ge ascending

I0.0 ge ascending

Peak ge

I0 ge descending

Drogue Chute Deploy

Main Chute Deploy

Miscellaneous instrumentation markers

Science Data

Axial Acceleration (ax)

Lateral Accelerations _(ayand az }

Science Temperatures (three}

Forebody Pressure

Atmospheric Composition
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TABLE 8

LANDER DATA LIST - 3

13, 161 BITS

On Surface

First Playout: Impact plus 6 minutes

Stored Entry to Impact Data (once)

Playout both science and Engineering Data

New Engineering Diagnostic and Event Data (Twice)

Same test points as prior playouts

Science Data (Twice)

Wind Velocity

Biological Determination

Pressure

Second Playout: Impact plus 90 minutes

Stored Landed Data - Repeat of 1st Playout (twice)

Updated Engineering Diagnostic and Event Data (twice)

Same test point as prior playouts

Updated Science Data (Twice)

Third Playout: Impact plus 5 hours

Stored landed Data - Repeat of Ist and Znd Playout (twice)

Updated Engineering Diagnostic and Event Data (twice)

Same test points as prior playouts

Updated Science Data (twice)

Same test points as prior playouts.
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2.7 MISSION TRADEOFFS

1. Introduction

During the Advanced Mariner Study Program several major mission trad_e-

offs were investigated. These tradeoff studies were heavily influenced by

the mission objectives, mission and study constraints, launch window flight

geometry and the payload capability of the Advanced Mariner Spacecraft.
The results of these mission tradeoff studies were included in the final

conceptual design for the flyby bus and lander.

a. Consideration was given to various methods of reference attitude

orientation for the :_cecraft in the cruise mode. The Sun-Canopue
reference frame we8 selected.

b. The sterilization requirement forces a nonsteriUzed bus to a

1 x 10 -4 probability of entering the planetary atmosphere. The bus canbe

directed at the planet until lander separation and then diverted to the

flyby trajectory. The selected approach directed the flyby bus on a

trajectory biased away from the planet, with a separate lander propul-

sion system to place the lander on an impact trajectory.

c. Several launch window-landing site combinations were considered

for this mission. The emphasis on the life detection mission objective
indicated selection of a launch window which allows lander impact on

Syrtis Major, close to the height of the wave of darkening to allow the
best chance of success for the mission objective.

d. Both relay and direct link communication systems were considered

for pre-entry, descent, and post-impact communication requirements.
For the selected mission a relay link was used for all pre-impact

requirements, while totally redundant direct and relay communications

are employed during the post-impact phase.

e. The flyby bus lander special time relationship during the encounter

phase was analyzed to determine the lander speedup or bus slowdown

requirement to accommodate the relay link. A bus slowdown of five
hours was selected,

2. Spacecraft orientation

In making a selection of the reference attitude of the spacecraft, considera-
tion must be given to the equipment of the craft which must be pointed in
various directions and to the sources available to provide reference dir-

ections. The selection of solar energy as the source of power immedi-

ately identifies the solar panels as the primary object whichmustbe pointed
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toward the sun. The real engineering problems involved in mounting the

panels on gimbals due to their large size, led to the selection of a Sun-

oriented configuration. The second reference direction is provided by

the star Canopus which is chosen because of its brightness and because of

its.............Inc_t{n_ -p=_'_.*_..........,,,,_,,*_ecliptic pole. The Canopus tracker is oriented

so that a single gimballed mirror is all that is required for pointing, as

the angle between the sun line and the star line changes during the inter-

planetary voyage. .Thus the gimballing of the star tracker poses no dif-
ficulties with the Sun-Canopus orientation. When in planetocentric flyby,

additional equipment must be pointed toward the planet. All planet-oriented

science is mounted on a single gimballed platform which is attached to

the periphery of the flyby bus. This allows convenient pointing of televi-

sion cameras and other experiments as the spacecraft holds its fixed

orientation and the platform turns about two axes. Pointing is accomplished

by a horizon sensor mounted directly on the platform itself. Since the

spacecraft is in a hyperbolic orbit, the mapping gimbal must rotate at a

varying rate. This causes some expenditure of attitude control system

fuel, but the amount is not excessive.

3. Flyby Trajectory Selection

Two techniques were considered for maintaining an unsterilized flyby bus

for the Advanced Mariner mission, which requires that the probability of
the flyby bus entering the planetary atmosphere be less than 10 .4 . The

flyby bus trajectory can be biased away from the planet by an amount

commensurate with the anticipated dispersion in the flyby attitude; the

bias is reduced at each subsequent maneuver as the anticipated dispersion

is reduced. This approach requires a small propulsion system on the

lander to place it on an impact trajectory subsequent to separation from the

flyby bus. The second technique places the flyby bus on an impact tra-

jectory from launch making the lander system much simpler. The flyby

bus is then diverted to a flyby trajectory after lander separation. This

approach required one additional burn of the flyby bus propulsion system,

The selection of the biased flyby bus trajectory was dictated primarily by

the necessity to maintain a high probability of planetary miss for the flyby
bus. While either technique will satisfy the sterilization criteria, the

biased trajectory requires a complex sequence of malfunctions to cause

the flyby bus to enter the planetary atmosphere and is therefore a more

conservative approach to the sterilization probl.em.

4. Launch Window Selection

The launch window can be selected on the basis of optimizing, singly or in

combination, any of the departure or approach trajectory parameters.

Of particular significance are the injected payload, planetary approach

asymptote direction, arrival date, and planetary approach asymptote
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velocity magnitude. For the launch windows under consideration, the

primary objective is the performance of the life detection experiment.

This overriding consideration led to the selection of a launch window so

as to arrive at Mars during the height of the wave of darkening to maxi-

mize the success probability of this experiment. Within this constraint

the selection of launch window was further constrained by the desire to

maintain a ZAP angle as close as possible to 90 degrees to provide a

reasonable relay link geometry over the five-hour lander surface lifetime.

These criteria indicated selection of launch windows which depart slightly

from the minimum departure velocity or rr_aximum payload launch windows

for both 1969 and 1971.

5. Direct versus relay communications

The return of scientific information obtained by the lander requires an

information channel to Earth. This can be provided with reasonable power

either by a direct link or by relay through the flyby bus using a low-gain

lander antenna and a high-gain antenna on the flyby bus. The disadvantage

of the direct link is the difficulty in designing the lander which can be

erected after impact so that the antenna can be pointed toward Earth.

The design selected for the Mars lander utilizes a direct-link antenna in
which the lander is designed to re-erect itself after landing.

The present lack of knowledge of the terrain of Mars makes it difficult to

be sure that the re-erection mechanism will function under all possible

circumstances. However, the benefit to be gained by eliminating the lander

dependence on the flyby bus makes the attempt worthwhile. To minimize

the risk, a capability is provided for using a rclay link as well. The

additional weight penalty which is incurred is nonexistent, since both links
receive transmission from the same lander communication transmitter

and antenna system. However, in the event of off-vertical lander re-

erection, the relay link, which has considerable positive performance

margin, can still operate satisfactorily.

6. Lead Time Requirements

Engineering and scientific measurements made by instruments on the lander

during atmosphere entry and descent are recorded for later playback.

These data are transmitted to the relay during a period before planet

impact. Also five hours are required after impact for transmission of
scientific data in real time. To obtain the necessary communication time,

the lander must lead the flyby bus so that it remains within the lander

antenna beam during the communication period.

The required lander lead time is determined from the geometric analysis.
It is defined as the difference in time between nominal flyby perapsis

passage and lander atmospheric entry. The amount of lead time required

°39-



to provide the necessary communication time is approximately five hours.

The required lead time can be achieved by accelerating the lander or by

slowing down the flyby bus. The magnitude of velocity change required

along the flight path i_ a function of the iead time required, the separation

range, and the approach velocity.

The method selected for obtaining lead time was to slow down the flyby bus

and impart a velociSy increment to the lander normal to the flight path in

order to change it from a flyby to an impact trajectory. The following

factors were considered in making the selection:

a. Accuracy of achieving desired landing site

Outside of the undertainty in vehicle position at separation due to

guidance error, the most significant source of lander dispersion is

the error in magnitude and direction (launch angle) of the velocity

increment imparted to the lander. The dispersion due to uncertainty

is the magnitude of the velocity increment and is therefore independent
of the method of obtaining lead time. The dispersion due to launch-

angle error is a function of the total velocity increment and the cosine

of the launch angle. Since the required velocity increment along the

flight path is much larger than the normal component, the launch angle

would be close to 0 degree in the case of lander speedup. This would

maximize the effect of launch-angle error. Lf no velocity increment

is applied to the lander in the direction of the flight path but is applied

only normal to the flight path, then the launch angle is 90 degrees and

the dispersion due to launch angle error is reduced.

b. Effect on sterilization requirements

Applying a velocity change to the flyby bus may increase the probability

of the unsterilized flyby bus impacting on the planet. Howevert an

unlikely sequence of events must occur to cause flyby bus impact.

The malfunction must be undetected prior to rocket firing. The velocity

change due to the malfunction must be in the proper direction. The
DSIF command to correct the trajectory error must fail to be carried

out. If the probability of these events occurring is shown to be unac-

ceptably high, the velocity change could be applied in smaller incre-

ments, allowing time between impulses to ensure by DSIF tracking

that the resultant maneuver is being performed correctly.

i
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3.O TRAJECTORY ANALYSIS

3. 1 LAUNCH WINDOW ANALYSIS

An integral portion of a preliminary design study for an interplanetary mission
entails a comprehehensive analysis of the various daily trajectory characteris-

tics to select the optimum launch window. In theory, an unlimited number of

possible interplanetary trajectories exists for a given target planet as there are

at least four trajectory paths per given departure velocity per day. This vast

wealth of information can be reduced to within tolerable limits by the employ-

ment of realistic engineering constraints. An evaluation of the payload charac-

teristics of presently conceived boost vehicles in co,unction with desirous

mission payloads places an upper bound on the injection energy requirements.

Additional engineering constraints which may be employed in the optimization
of a launch window selection include:

a. Approach velocity

b. Approach geometry

• c. Time of flight

d. Communication range

e. J__unch azimuth

f. Target dispersion ellipse

g. Injected payload capability

An attempt to select a launch window that yields the lowest approach velocity
consistent with a favorable range in the remaining parameters should be con-

sidered since the ramifications of this parameter on a lander, orbiter or
flyby mission include:

a. Lander - structural and heat shield

b. Orbiter - planetocentric orbit establishment

c. Flyby - scientific dwell time in vicinity of planet

The desirous approach geometry is essentially a function of the mission, if

there is a freedom of selection for a particular opportunity. For a lander
mission, the optimum ZAP angle is around 90 degrees to Permit daylight land*

ing and direct Earth communication capability for up to 6 hours after impact

depending upon the landing latitude while maintaining a steep entry angle.
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During the initial phases of this study, the requirement for a sunrise landing at

Syrtis Major was dictated by the desire for descent TV. This science objective

was eliminated from the conceptual design, howevers the requirement for a
sunrise landing is still valid due to the t_ . ._._.._. .... +1.._c ............ line is essenti_._Uy
equidistant between the Mars Sunline and the termir,_tor. Therefore, the

optimum period for lander Earth direct communication is between sun-rise and

noon. For ZAP angles between 90 and 180 degrees Earth occulation and the

lander/flyby spatial time. relationships are key areas that must also be con-

sidered in the selection of the launch window. With a flyby/bus photographic

mission_ the optimum ZAP angle is between 30-60 degrees from the sun line

to achieve adequate relief in addition to favorable lighting conditions. Mission

reliability may be enhanced if significant reductions in the time of flight can be
achieved without detremental effects. The Mars-Earth distance at encounter

determines the power requirement and transmission bit rate for the direct link com-

munication system. The launch azimuth constraint eliminates from consider-

ation those trajectories where the declination of the launch asymptote exceeds

the maximum orbital inclination achievable with an AMR launch subject to

range safety constraints. This constraint can be relaxed or entirely removed t

with a subsequent severe payload penalty, by the empl0yment of a dog-leg
maneuver.

Subsequent to the injection of the payload on the departure hyperbola, one or

more midcourse maneuvers are required to eliminate injection errors and in-

sure acceptable target planet-probe passing distances. Tracking errors which

introduce slight perturbations to the actual vehicle parameters prior to the mid-

course maneuver and velocity uncertainties resulting from the maneuver propa-
gate into a dispersion ellipse at encounter. While the selection of a launch win-

dow would not be based upon the size of the dispersion ellipse, certainly with

all other factors being constant the least sensitive trajectory should be selected.

Since the cost per pound of scientific payload is extremely high for any inter-
planetary mission, a serious attempt should be made to maximize the useful

payload. For a lander or flyby lander mission, this is accomplished by employ-

ing the daily minimum departure velocity and then selecting the launch window

such that the payload is maximized. In the case of an orbiter mission, the pay-

load in the desired planetocentric orbit is a function of both the departure and

approach velocities and since, in general, these velocities are not simultaneously
minimized a significantly different launch window may result for the same launch

opportunity.

Therefore, the selection of an optimum launch window within any launch oppor-

tunity is directly dependent upon the selected miss.ion configuration, and scien-

tific objectives, and numerous trade-off studies exist to simultaneously achieve

acceptable variations in all pertinent trajectory parameters.
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l. 1969 Launch Opportunity

For the 1969 Advanced Mariner flyby-lander mission, with no major retro-

propulsion maneuvers in the vicinity of the target planet, the absolute min-

imum departure velocity window centered about l April 1969 affords an ex-

cellent starting location in the search for the optimum window.

The trajectory characteristics associated with a 30-day launch window from

17 March to 16 April 1969 are presented in table 9. This window yields

approach dates from 5 January to 10 February 1970 (2 to 3 months subse-

quent to the peak of the Southern Hemisphere wave of darkening) with the

time of flight approximately constant at 300 days. This window is character-

ized by essentially having a constant departure velocity varying only between

2.82 and 2.87 km/sec, which results in a payload of between 1680 and 1697

pounds for an unfloxed Atlas/Centaur and 2360 to 2380 for 30 percent floxed

Atlas/Centaur. The Atlas/Centaur payload capability for zero percent flox

(minimum); 20 percent flox (nominal); and 30 percent flox (maximum is pre-

sented in figure 4. The approach velocity increases monotonically from

4.94 to 5.31 km/sec whereas the ZAP angle (the angle between the approach

asymptote and the planet-sun line) decreases monotonically from 42.2 to

33.2 degrees. Since the time of flight is essentially constant, the 30-day

launch window translates into approximately a 30-day encounter window.

The communication distance at encounter is essentially the Mars- Earth dis-

tance. After each opposition, this distance increases by about 1 million

kilometers per day for approximately 12 months until the planets are on op-

posite sides of the sun. Therefore, since opposition occurs around the mid-

dle of 3une 1969 with a Mars-Earth distance of 72 million kilometers, the

encounter distance 7 to 8 months later varies between 240 and 279 million

kilometers.

The dispersion elipse in the R-T plane at encounter is composed of two

components. The semi-majo r axis of a dispersion ellipse due to a 0. I m/

sec spherically distributed rnidcourse velocity error is essentially I0,000

•km and the semi-major axis of the dispersion ellipse due to tracking error

after the first day varies between I,300 km and 3,500 krn.

Examination of these trajectory parameters reveals a relative constancy of

the departure velocity coupled with monotonic trends exhibited by the other

pertinent trajectory parameters which suggests that a more favorable launch

window may be obtained at an earlier date without a significant payload pen-

alty. To assist in the selection of a more favorable window, pertinent para-

meters were analyzed, _or constant departure velocity windows, for de-

parture velocities of 3.25, 3.5, 3. 75 and 4 km/sec. The parameters pre-

sented in figures 5 to 7 exhibit the following advantageous trends for a launch

window early in 1969:
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Figure 4 ATLAS/CENTAUR PAYLOAD CAPABILITY (JPL DATA)
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Figure 5 TRAJECTORY PARAMETERS MARS 1969 LAUNCH OPPORTUNITY

TYPE II

-46 o

/



RE-ORDERNo,_/- J_.

Figure 6 TRAJECTORY PARAMETERS MARS 1969 LAUNCH OPPORTUNITY
TYPE U
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a. Approach velocity is reduced by approximately 24 percent

b. Time of flight is decreased by approximately 10 percent as the min-

imum departure velocity is moved back to January 1969 with additional

decreases resulting from the utilization of nonminimum departure vel-
ocitie s

c. Reduction in.flight duration coupled with earlier launch dates re-

sults in a shifting of the approach window into a more favorable time;

the peak of the southern hemisphere wave of darkening at Syrtis Major.

d. The reduction in flight duration coupled with the earlier launch date
results in a reduction of 100 million kilometers in the communication

range

e. ZAP angles of approximately 90 degrees are achievable thereby

yielding a more favorable "Type 1" approach with sunrise landings.

The only disadvantage associated with earlier launch windows is the pre-

viously mentioned payload penalty. This penalty is approximately 350 pounds

for a constant departure velocity of 3.75 km/sec with an associated launch

window starting 10 January 1969. However, one of the primary functions of

this mission is the biological experiments; there does not appear to be a

severe penalty in shifting the arrival window to the peak of the wave of dark-

ening where the probability of determining the existence of life is maximized.

Also, the marked improvement in the remaining pertinent trajectory para-

meters will tend to reduce this penalty since the reduced approach velocity

will result in reductions in the lander structural thermal and protection re-
quirements.

Based upon this preliminary analysis, a tentative launch window between

10 January and 19 February was selected for further consideration. The

variation in the trajectory parameters associated with this window are pre-

sented in table 10. The corresponding variations in the planetocentric lati-

tude and longitude of the approach asymptote, Earth and sun lines are pre-
sented in figures 8 and 9. These data indicate that both the Earth and the

sun are below the Martian equator while the probe is passing from north to
south.

The next step in the selection of a more definite launch window was the analy-

sis of pertinent trajectory characteristics associated with constant arrival

date windows. Approach dates between 15 October and g0 December were

considered at 6-day intervals providing information for about 1 month on

either side of the optimum scientific arrival date, 15 November. The per-

tinent trajectory parameters are presented in table 11 for 28- 32-day launch
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RE-ORDERNo. 

TABLE l0

COMPARISON OF TRAJECTORY PARAMETERS

FOR ADVANCED MARINER 1969 LAUNCH OPPORTUNITY*

Launch Window

Conditions

Departure. Velocity

(_/sec)

Payload**

(pounds)

Approach Velocity

(kmlsec)

Time of Flight

(days)

Arrival Date

ZAP Angle

(degrees

;ommunication Range

(I0 6 kin)

16 Mar- 15Apr

Min. Dep. Velocity

2. 82-2. 87

1680-1698

4.94-5. 31

294-300

5 Jan - I 0 Feb 1970

33-42

240-279

20 Jan - 19 Feb

Constant Dep. Velocity

3. 50

1430

3. 80-4.34

266-277

15 Oct-12Nov 1969

66-78

166-188

I0 Jan- 9Feb

Constant Dep. VeL

3.75

1345

3. 70-4. 22

•258-274

3 Oct - 2..6 Oct 1969

78-94

149-172

#Spread in parameters indicates maximum excursion rather than extremes of window

• *Data Based upon minimum payload capability (0 percent floxing)

-50-



 E-ORDERNo.

Launch Arrival

Date Date

l0 Jan 15 Oct

14 Jan

18 Jan

22 Jan

26 Jan

30 Jan

3 Feb

7 Feb

10 Jan 21 Oct

14 Jan

18 Jan

22 Jan

26 Jan

30 Jan

3 Feb

7 Feb

l I Feb

14 Jan 27 Oct

18 3an

22 Jan

26 3an

30 Jan

3 Feb

7 Feb

l I Feb

15 Feb

18 Jan 2 Nov

22 Jan

26 Jan

30 Jan

3 Feb

7 Feb

I l Feb

15 Feb

TABLE II

COMPARISON OF TRAJECTORY PARAMETERS

1969 LAUNCH OPPORTUNITY

Constant Arrival Dates (6 - Day Intervals)

Departure

Velocity Payload

(km/sec} (pounds)

3. 718 1340

3. 628 1378

3. 571 1405

3. 562 1408

3.626 1380

3. 805 1302

4. 180

4. 928

3. 752 1327

3. 636 1372

3. 546 1413

3. 492 1435

3. 487 1437

3. 557 1410

3. 744 1330

4. 132

4. 903

3.677 1360

3. 561 1407

3. 472 1445

3. 419 1465

3.416 1466

3. 490 1438

3.684 1355

4. 081

4.869

3.610 1J86

3. 493 '1435

3. 404 1470

3. 351 1494

3. 350 1494

3. 426 1461

3.623 1380

4. 025 1205

Approach FUght ZAP

Velocity Time Angle

(krn/sec) (days) (degrees)

3.744 278 79.80

3.740 274 81.43

3.757 270 82.96

3. 802 266 84.40

3.889 262 85.73

4.042 258 86.96

4.316 254 88.07

4.834 250 89.02

3.820 284 73.91

3. 796 280 75. 50

3.788 276 77.04

3.802 272 78.51

3.844 268 79.91

3.929 264 81.27

4.082 260 82.60

4.357 256 83.91

4. 886 252 85.25

3. 892 286 69. 94

3.863 282 71.43

3.852 278 72.87

3.863 274 74.27

3.903 270 75.65

3.984 266 77.03

4.135 262 78.44

4.410 258 79.95

4.942 254 81.66

3.976 288 66.22

3.944 284 67.60

3.930 280 68.95

3.938 276 70.29

3.974 272 71.63

4.052 268 73.02

4.199 264 74.50

4.470 260 76.19

Declination

of Launch

Asymptote

(degrees)

1.57

4.52

8.12

IZ. 50

17.80

24.14

31.64

40.35

-. 85

1.67

4.74

8.46

12.95

18. 35

24.78

32. 32

41.07

-.95

1.65

4.80

8.61

13.18

18.65

25.12

32.71

41.50

-1.17

1.49

4.70

8.56

13. 18

18.68

25. 18

32.80

Communicatio_

Range

(1o6 kin)

159.6

165. 1

170.6

176.2
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Launch

Date

18 Jan

22 Jan

26 .Tan

30 Jan

3 Feb

7 Feb

11 Feb

15 Feb

19 Feb

26 Jan

3 ) Jan

Feb

Feb

11 Feb

15 Feb
19 Feb

[23 Feb

27 Feb

]30 Jan

3 Feb

7 Feb

11 Feb

15 Feb

19 Feb

23 Feb

27 Feb

3 Mar

3 Feb

7 Feb

11 Feb

15 Feb

19 Feb
]23 Feb

27 Feb

3 Mar

7 Mar

_rrival

Date

8 Nov

14 Nov

20 Nov

26 Nov

TABLE II (Cont'd)

I Depar tur_

Velocity

I (kmlsec)

3.689

3. 549

3.431

3. 341

3.288

3. 288

3.365

3. 562

.3. 96 5

3. 495

3. 375

3. 284

3. 230

3. 229

3. 304

3. 500

3.9OO

4.698

3. 446

3. 325

3. 232

3. 176

3. 173

3. 246

3. 436

3. 829

4.617

3. 403

3. 279

3. 184

3. 126

3. 120

3. 188

3. 372

3. 754

4.526

Payload

(pounds)

1355

1410

1460

1498

1518

1518

1495

1408

1231

1435

1485

1518

1540

1540

1510

1432

1260

1453

1502

1544

1562

1%3

1536

1459

1292

1470

1522

1558

1581

1584

1557

1485

1326

Approach Flight ZAF

Velocity Time Angle

(krn/sec) (days) (degrees)

4. 119 294 61.43

4. 070 290 6Z. 73

4. 036 286 64.02

4. 019 282 65. 28

4. 022 278 66.56

4. 055 274 67. 87

4. 129 270 69.25

4. 271 266 70.79

4. 536 262 72.61

4. 171 292 59. 50

4. 134 288 60.69

4. 114 284 61.88

4. 115 280 63.09

4. 143 276 64.36

4. 213 272 65.72

4. 349 268 67.29

4. 605 264 69. 23

5. 117 260 71.85

4. 278 294 56.50

4. 238 290 57.61

4. 215 386 58. 72

4. 212 282 59. 87

4. 237 278 61.08

4. 301 274 62.42

4. 430 270 64.00

4. 675 266 66.02

5. 171 262 68.86

4. 386 296 53.74

4.344 292 54.76

4.319 288 55.80

4.313 284 56.88

4.334 280 58.03

4. 393 276 59.33

4.513 272 60.90

4.745 268 62.97

5.219 264 65.99

Declination

I of Launch

!Asymptote

i (degrees)

°3. 74

-I. 50

1.20

4. 43

8.31

12. 94
18. 45

z4.
3?-. 59

-1.94

.76

3.99
7. 85

I_ 47

17.96
24.45

32.08

41.02

-2. 50

.18

3. 38

7. 20

11.77

17. 20

23.65

31.27

40. 28

-3. 16

-. 53

2.61

6.36

10. 84

16. 20

22. 57

30. 15

39.24

Communicatior

Range

(106krn)

181.9

187.7

193.5

199.4
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TABLE 11 (ConcPd)

7 Feb

I Feb

L5 Feb

19 Feb

_.3 Feb

_-7 Feb

3 Mar

7 Mar

I Mar

I Feb

15 Feb

t9 Feb

_3 Feb

_7 Feb

3 Mar

7 Mar

I Mar

[5 Mar

15 Feb

19 Feb

_3 Feb

_7 Feb

3 Mar

7 Mar

11 Mar

15 Mar

19 Mar

t9 Feb

23 Feb

27 Feb

3 Mar

7 Mar

| 1 Mar

15 Mar

Mar

Arrival

Date

2 Dec

8 Dec

14 Dec

20 Dec

!Departure

Velocity
(km/sec)

3. 365

3. 239

3. 141

3. 080

3. 070

3. 133

3. 308

3. 675

4. 426

3. 331

3. 203

3. 102

3. 038

3.024

3.079

3. 243

3. 593

4. 317

3. 302

3. 171

3. 068

3. 000

2. 981

3. 029

3. 180

3. 090

4. 202

3. 278

3. 144

3. 038

2. 966

2. 942

2. 982

3. 120

3.426

4. 081

Payload

(pounds)

1488

1540

1576

1600

1604

1580

1510

1360

1500

1551

1591

1618

1621

1600

1536

1394

1511

1565

1605

1630

1638

1620

1560

1558

1122

1523

1575

1618

1645

1651

1638

1574

1463

1180

Approach F_ght ZAP

Velocity Time Angle

(krn/sec) (days) (degrees)

4.4% 298 51.18

4.452 294 52.13

4.424 290 53.09

4.415 286 54.10

4.432 282 55.19

4.485 278 56.44

4.596 274 57.99

4.812 270 60.08

5.263 266 63.22

4.604 300 48.82

4.558 296 49.69

4.528 292 50.58

4.517 288 51.52

4.530 284 52.55

4.576 280 53.74

4.677 276 55.25

4.877 272 57.33

5.302 268 60.54

4.711 302 46.64

4.663 298 47.44

4.631 294 48.25

4.617 290 49.12

4.625 286 50.08

4.665 282 51.21

4.755 278 52.66

4.939 274 54.69

5. 336 270 57..94

4. 814 304 44.61

4. 765 300 45. 34

4.731 296 46.09

4.714 292 46.89

4.717 288 47.78

4.750 284 48.84

4.830 280 50.21

4.998 276 52.17

5.363 27Z 55.39

Declination

of Launch

A s ymptote

(degrees)

-3. 92

-1.36

1.69

5. 34

9. 70
14. 93

21. 19

28. 73

37.92

-4.76
-2. 30

.63

4. 14

8. 34

13. 40

19. 53

27. 01

• 36. 31

-5.68

-3. 34

2. 77

6. 78

11.64

17. 59

24. 99

34. 40

-6.66

-4. 47

-1.87

1.25

5. 02

9.64

15. 38

22. 66

32. 17

[Communicatio:

R_nge
(10 km)

205.3

211.4

"217.5

223. ?
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Figure 8 PLANETOCENTRIC LONGITUDE 30-DAY CONSTANT
VELOCITY WINDOWS MARS 1969, TYPE II
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Figure 9 PLANETOCENTRIC LATTITUDI_. _O-DAY CONSTANT APPROACH
VELOCITY WINDOWS MARS 1969, TYPE II
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windows. From these data it is immediately obvious that a single fixed

arrival date is not feasible due to the rapid increase in the departure velo-

city required for the successively faster trips at the end of each window.

_iLv,_1_ th_se data are presented for fixed arrival date window, the infor-

mation is also available to perform a similar analysis for fixed time of

flight trajectories.

The minimum departure and arrival velocities associated with this fixed

arrival date window occur within several days of each other. As the arrival

date is moved back, the minimum departure velocity associated with the

window is reduced, whereas, the minimum approach velocity is increased.

This results from the fact that there is approximately a 4-month difference

in launch date between the dates where the approach and departure velocities
are minimized.

For a given fixed arrival date window there is a 12-degree variation in the

ZAP angle with the ZAP angle increasing as the time of flight decreases.

This variation is essentially independent of the window; however, the mag-

nitude of the ZAP angle decreases about 5 degrees for each 6-day shift in
the window. Therefore, in the initial selection of a launch window based

upon the trajectory parameters, with littleregard to the associated payload

penalty, arrival dates during the later part of October result in the above

mentioned ground rule of arriving within one month of the peak wave of dark-

erring. Also due to the reduction in both ZAP angle and payload as the time

of flight increases, launch dates prior to 10 January with a 15 October ar-
rival were not considered.

In an attempt to achieve uniformity in both the payload and ZAP angle, 8-day

launch windows were selected for each of the 4 fixed arrival dates, 15 October,

21 October, 27 October, and 2 November. Another factor considered in the

selection of 4 fixed arrival dates is that two or more missions during the

same opportunity w6uld not conflict with each other during the encounter phase

of each mission. A complete summary of the trajectory parameters associ-

ated with this window is presented in table 12. In addition to the trajectory

parameters this table also contains the dispersion ellipse in the R-T plane

resulting from 1 and Z midcourse corrections. The 1 midcourse dispersion

ellipse is based upon the assumptions that there is a spherically distributed

velocity uncertainty of 0. I m/sec and that the correction occurs about one

day after injection. The second midcourse correction occurs at a sufficient°

ly large distance from Earth so that the tracking ellipse errors are reduced

to about I,000 kilometers and the velocity uncertainty is reduced by a factor
of 10 to 0.01 m/sec.

Therefore, the launch window presented in table 12 is only intended as a pre-

liminary launch window based upon the optimization of pertinent trajectory

parameters. A detailed analysis of various system studies must now be
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I

t

II

13
M

I •

a

13

b

i

_Q

• w

O v

go

O--

g

u

_._. _, _ _

_-__ -

<

• o ,

u u
0 0

EEE EEE EEE

" : a

-57-



conducted to determine the suitability of this window to direct and relay

communication, lander-flyby geometry, lander entry angle and dispersion

eiiipse ior 5yrtis Major impact, occultation problem, etc. Upon completion

of these studies a shift in the launch window may be required to satisfy cer-

tain criteria and this iteration process will continue until a final launch win-

dow satisfying both trajectory parameters and mission requirements is

achieved.

The variation in the individual trajectory parameters associated with this

launch window are presented in figures 10 to 12. With the exception of the

inclination of the approach asymptote with respect to the Martian orbital

plane, the trajectory parameters are fairly constant within each 8-day launch

window. Over the entire 3Z-day window the ZAP angle variation is about

17 degrees and the approach velocity varies less the 0.5 kin/see.

The planetocentric latitude and longitude of the approach asymptote, the

Earth line and the sun line are presented in figures 13 and 14.

For this window, the longitude of the approach asymptote with respect to the

sun line is within ±6 degrees of the terminator, thereby minimizing the long-

itude excursion to achieve a sunrise landing. The longitude of the Earth line

is about 315 degrees indicating that a direct link lander-Earth communica-

tion is feasible for about 6 hours, from sunrise to noon. The latitude of both

the Earth line and sun line is in the southern hemisphere with the sun line at

its southernmost declination; summer solstice in the southern hemisphere.

The latitude of the approach asymptote varies between 28 and 40 degrees with

the vehicle passing the planet from north to south. Therefore, a latitude ex-

cursion between 18 and 30 degrees is required to impact Syrtis Major even

though the window was selected to minimize the longitude excursion. This

latitude excursion indicates that the maximum entry angle for a Syrtis Major

impact is between -66 and -74 degrees and this maximum angle is achievable

only with a near polar lander orbit from separation to impact.

Z. Look Angles

A spacecraft designed for interplanetary missions contains many sensors -

solar panels, planet and star trackers, communication antennas, etc. - that

must remain oriented toward the specific target for the duration of the

mission except for possible short duration maneuver periods. In order to

determine the optimum location, number of degrees of freedom and gimbal-

ing requirements for each instrument, to insure satisfactory operation

throughout the mission, it is necessary to dethrmine the look angle require-

ments for each sensor. In this analysis it was assumed that the sun, Earth,

Mars, and Canopus were the bodies of interest. Avehicle-centered coor-

dinate system was established where one axis, e3, is the vehicle-sun line;
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Figure 12 TRAJECTORY PARAMETEKS MARS 1969 LAUNCH OPPORTUNITY
TYPE IX
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the second axis, ez, is normal to the vehicle-sun-Canopus plane; and the

third axis, e I' is in the vehicle-sun-Canopus plane normal to the vehicle-
sun line. Expressed mathematically

e3 = Lvs

e 3 × l vs
e__2 =

I_3 × kvsl

e I = e_2 x e 3

In this vehicle centered coordiante system (which rotates as a function of

time) the direction cosines or cone-clock angles (see figure 15) to the de-

sired target can be obtained as a function of time. For the two separate

phases of the mission-interplanetary and approach hyperbola-digital com-

puter programs were developed during the course of the Voyager studies 3

to obtain the above mentioned angles.

For launch dates corresponding to the middle of each of the four constant

arrival date windows, the cone-clock angles to Earth are presented as a

function of time in table 13. Since the cone angle is measured in a probe

centered system, the cone angle can be employed to determine those per-

iods of time where the probe is inside (cone angle greater than 90 degrees)

the orbit of the target body. Similiarly the clock angle gives the relative

position of the probe and target body in the plane of motion. Clock angles

between 0 and 180 degrees indicate the probe is ahead of the target body,

whereas angles between 180 and 360 degrees indicate the probe is trailing

the target body. Also clock angles in the first and fourth quadrants imply
the probe is above the target body and clock angles in the second and third

quadrants imply the probe is below the target body.

For the 1969 launch window under consideration the spacecraft is launched

prior to perihelion of the transfer orbit and the probe passes inside the

Earth's orbit initially as is indicated by the fact that the cone angle is greater
than 90 degrees. Since the probe passes inside the Earth's orbit the probe

is moving faster than the Earth and initially moves ahead of the Earth with

clockangles between 0 and 90 degrees. Approximately 160 days after launch,

the Earth cone-clock angles achieve a steady-state condition regardless of
launch and arrival dates. For one representative trajectory the same cone-

clock angles are presented as a function of the distance from Earth in figures
16and 17. These results indicate that the steady-state condition is reached

when the probe is about 50x106 km from Earth. This steady-state condition

might be realized earlier if the trajectory were not inside the Earth's orbit

for 40-50 days. Between 120-140 days after launch the clock angle is zero

indicating that the Earth has caught up with the probe and is now in the probe-

Sun-Canopus plane. At this time the cone angle also reaches a minimum;

3Voyager Design Studies, Vol. 3, 15 Oct 1963, pgs 130-140.
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this minimum will be other than zero unless the probe is also in the ecliptic

plane.

For the same launch dates the variation in the cone angle to Canopus is pre-

sented in table 14. By definition this clock angle is zero. These results

indicate that the cone angle is about 90 + 14 degrees resulting from the fact

that Canopus is not at the celestial south pole.

During the approach phase, the cone-clock angles to the planet are of prime

importance due to the presence on the probe of a planetary horizontal plat-

form and can be employed to determine the gimbal orientation and the excur-

sion of both gimbals. Since the duration of this phase is relatively short the

look angles to Earth and Canopus are relatively constant. For one represen-

tative arrival date._he look angles to Mars, Earth, and Canopus are presented in

table 15 for the minimum flyby inclination and a 10,000 km passing altitude.

For this phase of the flight the cone angle excursion is 180 degrees plus an

additional angle to account for the bending of the flyby trajectory produced by

the planet's gravitational field. For an approach velocity of 4 km/sec and

a passing altitude of 10,000 km the trajectory experiences a total deflection

of about 19 degrees, thereby adding an additional 19-degree excursion to the

cone angle gimbal requirement. As the passing altitude is reduced the ad-

ditional cone angle excursion increases due to the increased bending of the

trajectory.

For a representative date on the launch window the cone-clock angles are

presented as a function of distance from the planet in figures 18 and 19.
.,*. • _o •

A similar analysis was also performed for a flyby inclination of 45 degrees.

These results, presented in table 16 and figures 20 and 21, indicate that the

cone angle excursion is essentially independent of inclination for the range

of inclinations under consideration. The clock angle goes from the first to

the third quadrants, as expected, indicating a change in the planets position

from ahead and below to behind and above; in one case the clock angle ex-

cursion includes the second quadrant and in the other case it includes the
fourth.

The discontinuity associated with these figures is introduced since the data

are presented as a function of the distance from the center of the planet whe_

the vehicle is on the oncoming and departure asymptotes and therefore never

passes closer than I0,000 km from the planet.

3. Occultation - Minimum Passin$ Altitude Analysis

A strong factor which may be influential in the selection of a numinal aim

point in the R-T plane is the minimum passing altitude at which the occulta-

tion constraints are violated. In this analysis the occultation constraint,
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TABLE 15

ADVANCED MARINERI969
HYPERBOLIC APPROACH LOOK ANGLES

Launch 1/14_69, tf = 274 days, i = 28. 9 degrees, Rp = 13400km

Time

(days)

0

1.0

2.0

2.5
2.8

3.0

3.02

3. 04

3.05

3.06

3. 07

3.08

3.10

3.15

3.27

3.57

4. 07

5.12

6.12

11.12

21. 12

31. 12

Planet

Cone

(deg)

81.9

81.9

82.5

84.4

89.1

113.1

123.5

140. 1
150. 6

158. 8

157. 2

147.8

129.0

106.4

92.3

85.6

83.4

82. 6

82. 6

84. 5

89. 2

94. 0

Clock

(deg)

82. 4

82.3

81.9

81. I

79.3

69.8
64. 7

52.6

37.8

5.7

321.0

295.0
276.5

265.2

259.8

257.3

256. 4

256.0

256. 0

256. 3

256. 9

257.2

C one

(deg)

Clock

(deg)

Canopus
Cone

(deg)

Earth

45.9

45.8

45. 8

45.7

45.7

45. 7
45.7

45.7

45.7

45.7

45.7

45.7

45. 7
45.7

45. 7

45. 7

45.6

45.6

45.5

45.1

44. 2

43.3

279. 0

279.0

279. I

279.2

279.2

279.2

279. 2

279. 2

279. Z

279.2

279.2

279.2

279.2

279.2

279. 3

279.3

279.3

279.4

279.5

Z80. 0

280. 7

281.5

82. 1

82. 2

82. 3

82.4

82. 4

82.4

82.4

82. 5

82.5

82.5

82.5

82.5

82.5

82.5

82. 5

82.5

82.6

82.7

82.9

83.6

85.0

86. 5

Range from
Planet

(kin x 10 -3)

1000
676

351

188

91
25

19
16

15

13
13

15

18

33

72

170

334

676

1000
2612

5810

8945
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TABLE 16

ADVANCED MARINER 1969

HYPERBOLIC APPROACH LOOK ANGLES

Launch 1/14/69, tf = 274 days, Rp = 13400 kmo i = 45 degrees

Time

(days)

0

1.0

2.0

2.5

2.8

3.0

3. 02

3.04

3.05

3.06

3.07

3.08

3.10

3.15

3.27

3.57

4.07

5. 126

6. 126

II. 126

21. 126

31. 126

Planet

Cone

(deg)

82.3

82. 2

82.9

84. 8

89.5

114.5

125.2

142. 8

154. 3

]64.0

161.4

150. 1

129. 9

106.3

91.8

84. 9

82. 6

81.8

81.9
84. 0

89. 1

94.4

Clock

(deg)

83.0

83.1

83.5

84. 1

85. 5

92.7

96.7

106.3

119.6

155.7

212. 7

237. 8

252. 7

261. I

265. 2

267. 1

267. 9

268.4

268. 6

269. 1

269. 8

270. 3

Earth

Cone Clock

(deg) (deg)

45.9 278.9

45. 8 279.0

45. 8 279. 1

45. 7 279. 1

45. 7 279. 2

45. 7 279. Z

45. 7 279.2

45.7 279.2

45.7 279. Z

45.7 279. Z

45.7 279. Z

45. 7 279.2

45.7 279.2

45.7 279. 2

45.7 279.2

45. 7 279.2

45.6 279.3

45. 6 279.4

45.5 279.5

45. 1 280. 0

44. Z 280.9

43. Z 281.7

Canopus

Cone

(deg)

82.0

82. 2

82. 3

82. 3

82.4

82.4

82.4

82.4

82.4

82.4

82.4

82.4

82. 4

82.4

82.4

82. 5

82. 5

82. 6

82. 8

83.3

84. 6

85.8

Range from
Planet

(km x 10 "3)

1000

676

351

188

91
25

19

16

15

13

13

15

18
33

72

170
334

676

I000

2612

5810

8945
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minimum near limb of planet-probe-target angle, is violated when,at any

point on the hyperbolic trajectory, the angle to sun, Earth of Canopus falls

l_elow 5, 5, or 36 degrees, respectively. The i_inimum passing altitude

satisfying all three constraints in association with a specific dispersion

ellipse can be employed to define a nominal aim point that insures against
periods of occultation. If for certain launch window selections it is im-

possible to avoid occultation of one or more bodies, the nominal aim point

may be selected by other factors, i.e.. science mission objectives, mini-
mizing occultation periods. Also, it may be desirous to have Earth occul-

tation to perform a bi-static radar experiment without violating the con-
straints of the other bodies.

To conduct this analysis, the approach hyperbola look angle program was

modified to include a computation of the cone angle reduced by the apparent

radius of the planet. Since the probe is being designed to pass on the sunlit

side of the planet, this analysis was limited to examining favorable regions

within 90 degrees of the T-axis as opposed to a 360 degree zone about the
approach asymptote. For specific dates in the launch window the initial vel-

ocity vector for the hyperbolic trajectory is obtained from a 2-body inter-

planetary trajectory, and the occultation analysis is conducted parametrically
as a function of inclination and passing altitude. For other than minimum

inclinations both trajectories (more northerly passage - Case I and more

southerly passage - Case II)were considered. Itis obvious that the situa-

tion with respect to Canopus improves for the Case H trajectories. In this

analysis only the minimum near limb of planet-probe-target angle encountered

before or after periapsis passage was considered in the determination of the

trajectory parameters required to avoid occultation of any or all bodies.

For the 1969 launch opportunity, the constant departure velocity launch win-

dows selected result in approach asymptotes in the vicinity of the termina-

tor and inclined 30-40 degrees with respect to the Martian equator. There-

fore, if the probe passes on the sunlit side of the planet, as intended, itis

virtually impossible to ]',areeit_r r sun or Earth occultation regardless of

the passing distance. By the same token Canopus occultation will not occur

for the more southerly inclined hyperbolic trajectories. For passing alti-

tudes between l, 000 and 10,000 km the minimum angles to the various bodies

associated with the minimum inclinations are presented in figures 22-25.

For a passing altitude of I,000 km the minimum angles to Earth and Canopum

are Z0 and 27 degrees, respectively, and increase to 30 and 40 degrees as

the passing altitude is increased to 3,000 kilometers. Therefore, between

these altitudes an altitude exists such that the occultation constraints to any

body are not violated for minimum inclination trajectories. These data are

presented in figure 26.

For the specific launch window selected for the 1969 launch opportunity,

10 January to IZ February, a second analysis was performed to determine
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Figure Z3 MINIMUM NEAR LIMB OF MARS -- SPACECRAFT -- TARGET
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Figure 24 MINIMUM NEAR LIMB OF MARS -- SPACECRAFT -- TARGET

BODY ANGLE
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Figure 26 MINIMUM PERIAPSIS ALTITUDE
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the minimum passing altitude associated with both minimum and 45 degree

• ,yuy "--_'-_+'^-° s ''_ *_ t_ occultation constraints are not violated. For

the minimum flyby inclination, 30 to 40 degrees, these results presented

in figure 27 incicate that the minimum passing altitude varies between 1400

and 2000 km defending upon the specific launch date. For a 45-degree flyby

inclination with a Case II trajectory (southerly passage) the minimum passing

altitude is less than 1000 km and was not precisely determined since this

altitude is less than the minimum altitude for sterilization requirements.

4. Lander Entry Error Analysis

With the selection of a nominal target and time of arrival, it is possible to

conduct a comprehensive error analysis for the uncertainties in the lander

entry parameters as a function of the flyby parameters, i.e., inclination,

periapsis altitude, approach velocity, and separation range. To minimize

the dispersion in the lander entry parameters, the results of the planar anal-

ysis will be utilized to the extent that the maximum entry angle is achieved

with a thrust direction essentially normal to the approach velocity. Maxi-

mizing the entry angle results in minimizing the range angle which in turn

implies that a lander inclination of 90 degrees should be selected unless con-

sideration must be given to target landings at a specified time of day. For

the 1969 mission, it is desirous to achieve a sunrise landing at Syrtis Major.

Since the approach asymptote is essentially in the terminator plane, sunrise

landings are feasible with a near polar orbit as the longitude of the impact

point does not vary over the window more than 5 degrees from the longitude

of the separation point.

Two specific velocity vectors are determined to perturb the lander from the

flyby trajectory to the desired impact trajectory. The first velocity, AV ,

is applied in the flyby plane of motion, normal to the approach velocity, to

produce a 9O-degree entry condition. The magnitude of AV, as a function of

the flyby parameters, is expressed by

ra VB
AV 1 -

rBS

where: ra = aim point

VB = asymptotic approach velocity

rBS = separation range

A second velocity, AV2, is applied normal to the radius vector, in a plane
defined by the separation and target locations, to produce the desired entry

angle. The magnitude of AV2is

-83-
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AV 2

where:

YLE

V 2 _ 2_ _1/2

S + AV21 +
rLE rBS

r s- cos2 YLE

rLE = entry range

VBS = lander velocity prior to separation maneuver

YLE = desired lander entry angle

V = gravitational parameter

The relationship between the lander range angle and entry angle is presented
in figure 28.

These two velocities can now be combined to yield the lander separation

velocity.

At separation, a coordinate system is established where one axis is in the

direction of the approach velocity vector _., ; a second axis in the _ x

RBS direction; and the third axis completing the orthogonal system in the

initial plane of motion normal to the approach velocity vector AV 1 . The

direction of the separation velocity can be specified by an azimuth angle,

0, measured from the approach vel0city vector and an elevation angle, a ,

measured normal to the unperturbed flyby plane of motion.

An error analysis can now be performed to determine the effects of errors
in separation position and in the magnitude and direction of the separation
velocity on the entry parameters. In this analysis one-sigma errors in

initial position of 150 and 350 km were considered in addition to a 1-percent
error in the separation velocity, AV, and 1-degree errors in the direction

of thrust application, 0, and a.

Since the separation maneuver is essentially an open loop guidance man-

euver, variations in the vehicle altitude between separation and thrust term-

ination cannot be accounted for and can propagate into significant pertur-

bations on the lander entry parameters. In this analysis it was assumed

that variations in the vehicle attitude produced by thrust misalignment would

be the predominant error source and that the effects of tip-off rates could be

neglected.

A parametric analysis was conducted to determine the spin rate requirement

to maintain the vehicle attitude within prescribed limits during the thrusting
phase. The variation in this altitude is a function of the thrust level, moment
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arm, angle between thrust vector and vehicle axis, spin rate and vehicle
moment of inertia, expressed mathematically as

T 1 sin
7

oa2 Ix

The results of this analysis are presented in figure 29 for various values of
Tl sin 6 and for a vehicle moment of inertia of 20 slug ft 2 The selected

spin rate of 2 rad/sec maintains the thrust vector alignment within one

degree. Since the independent error sources may be considered statistically
independent total latitude and longitude variation produced by these error

sources is obtained as the RSS value of the individual variations expressed

by

A Lat

1

and

A Long = ( 8 =n
\ azn

=I

Since the flyby trajectory will not be perturbed with respect to inclination

changes or a slowdown maneuver until after lander separation, the flyby
will be at minimum inclination at separation. As the 1969 launch window

produces a variation in inclination (separation latitude) of only 10 degrees,

two cases corresponding to the extremes of the window were analyzed and

the results presented in table 17. This analysis indicates that the out-of-

plane errors, i.e. ; l-degree error in a and position error in the out of

plane direction, are the major contributors to the uncertainty in entry angle

and latitude, whereas, the largest contributors to longitude variations are

the variation in separation velocity and the positional uncertainties in the

- hv 1 direction. These results indicate only minor dependence on variation=
in the initial latitude. For a positional uncertainty at separation of 150 kin,

the 1-sigma variation in the entry angle is approximately 3.4 degrees where
the nominal entry angle varies between -66 and -74 degrees depending

upon the initial latitude. The related 1-sigma uncertainties in the latitude

and longitude of the entry point are 4. 1 and Z. 7 degrees respectively, indi-

cating that it is entirely feasible to achieve impact at Syrtis Major.
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Figure 27
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For both cases the neparation velocity to a'¢hieve the desired impact i.
about 210 ft/sec. The azimuth angle, 0 , associated with the separation

velocity is essentially 90 degrees, however the elevation angle, a, varies

between -5.6 and -8. 3 degrees as a function of separation latitude•

5. Lander-Flyby Spatial Time Relationship

In order to insure the success of a relay communication system for trans-

mission of both pre-impact atmospheric data and post-impact biological

data, two primary studies must be considered. First, the appropriate lan-

der lead time must be developed by either a bus slowdown or a lander speed-

up maneuver. Secondly, the relative inclinations of the lander and flyby

trajectories must be considered since the biological experiments are con-

ducted while the lander is on the surface and therefore rotating from the

inertial landing point at the rate of 15 deg/hr. If the lander trajectory plane

is coincident with the flyby plane, the flyby is either overhead at lander entry
with no slowdown or over the lander entry point 5 hours later with a 5-hour
slowdown maneuver. In either case after 5 hours the lander has rotated 75

degrees from the flyby plane presenting an unacceptable geometry for relay

communication. Therefore a study is required to determine the appropriate

inclinations and slowdown such that distance poses no problem with communi-

cation at entry and the flyby angle above the lander horizon posesno problem

after the 5-hour biological mission.

To minimize the dispersion in the lander entry parameters, the optimum

lander trajectory inclination to impact a specific latitude is 90 degrees.

The separation latitude (latitude of the approach asymptote) is dictated by

the launch trajectory parameters and is equivalent to the minimum flyby

trajectory inclination. This latitude varies between 30 ° and 40°N for the

1969 launch window. Table 18 contains pertinent flyby trajectory parameters
for various initial latitudes and inclinations consistent with the 1969 launch

window parameters to illustrate the flyby inclination importance. As the

flyby inclination is increased to give a more southerly passage, the longitude

of the flyby as it passes over the lander latitude is diminished. This results

in a decreased lead time requirement if it is desirous for the flyby to be

directly over the lander as it passes over the lander latitude. With these

higher inclinations the flyby is also at a correspondingly greater range angle
from periapsis and therefore at considerably higher altitudes as it passes

over the lander latitude. However, with larger flyby inclinations, a wider

latitude excursion results. These factors are influential in selecting a nora-

inal inclination since TV pictures are included in the flyby science mission.

To evaluate the influence of both flyby slowdown and trajectory inclination

on the lander-flyby spatial-time relationship it is necessary to select the

parameters yielding acceptable relay geometry for telemetry, of both pre-

impact atmospheric data and post impact biological data. In this analysis
nominal conditions at separation were selected to be:

-90-
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a. approach velocity of 4 km/sec

b. separation range of 10 6 km

c. passing altitude of 10 4 kin.

For slowdown velocities of 700 and 900 ft/sec in combination with various

flyby inclinations, the extreme separation latitudes encountered in the

1969 launch window were analyzed. The results of this analysis presented

in tables 19 and 20 indicate: (1) a slowdown velocity of 700 ft/sec pro-

duces the best geometry for the first 3 hours; however, the application of
a 900 ft/sec slowdown produces acceptable conditions after 5 hours with

little degradation in the initial geometry; (2) improvements in the initial

geometry are evident as the flyby inclination is increased, however, this

improvement is more than offset by the subsequent degradation after 5 hours.

Therefore, it can be seen that both the magnitude of the slowdown velocity
and the flyby trajectory inclination are functions of the desired lander mission

lifetime. For a nominal mission of 5 hours duration, it is necessary to em-

ploy a 900-ft/sec slowdown in combination with a flyby inclination between

30 to 45 degrees.

6. Summary

The results of these studies indicate that the launch window selection based

upon the pertinent trajectory parameters satisfies all system mission re-

quirements. However, this window was selected with the premise that pay-

load was not a pertinent parameter since the lander-flyby configuration fell
well below the maximum floxed Atlas/Centaur capability. However, the

payload penalty associated with this window may become excessive with an
unfloxed Atlas/Centaur. Data have been presented to assist in the selection

of a revised window where trade-off studies must be performed to assess

the degradation in the various system studies introduced bythe lower ZAP

angles associated with more favorable payload windows. For example, a

reasonable launch window exists between 26 January and 25 February where

the payload is increased from 1340 pounds to 1470 pounds by allowing the

minimum ZAP angle limit to be reduced from 70 degrees to 60 degrees;

Another window exists between 11 February and 15 March where the payload

is increased to 1560 pounds and the ZAP angle is reduced to 50 degreeJ.

The degradation in the direct link communication time associated with these

improved payload launch windows could be minimized by landing somewhat

before sunrise to reduce the penalty associated with the reduction in ZAP

angle.
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The payload quoted for these windows corresponds to the minimum payload

at the extremes of a 30-day window. A comparison of the pertinent trajec-

tory parameters associated with the design launch window, the minimum

departure velocity window and these two new postulated windows is presen-

ted intable 21. A comparison of the trajectory parameters for the design
window and the window between 26 January and 25 February indicates that ex-

cept for a I0-to 15-d.egree variation inthe longitude of the approach asymp-
tote the variations are minor. These results are presented in figures 30-34.

Therefore, in conclusion, reasonable launch windows exist that produce im-

proved payload capabilities without introducing a significant degradation in
the remaining parameters.

7. 1971 Launch Opportunity

The Mars opposition in 1971 produces the most favorable characteristics

of any opposition during the 15-year metonic cycle. This results from the

fact that Mars is near perihelion at opposition and that the transfer plane
is essentially coincident with the ecliptic plane, since departure and arrival

can occur near the Earth-Mars nodal line. The trajectory parameters as-
sociated with a minimum departure velocity launch window centered about

_4 May 1971 are presented in table _2. Although most of the parameters

exhibit acceptable trends for a 30-day window, there is a 50-degree varia-
tion in the ZAP angle with a predominance of the approaches from the dark

side. In addition there is a 68., 000,000-kilometer variation in the commun-

ication range since the time of flight increases by 25 days producing a 55-

day dispersion in the approach date. The major disadvantage of this window

is the fact that the arrival dates occur 1 to 3 months a/ter the peak wave of
darkening. Therefore, the parameters associated with fixed arrival date

windows were investigated for arrival dates between 15 October 1971 and

20 November 1971. Arrival dates prior to the peak wave of darkening,

15 October 1971 were not considered due to the unduly large payload penalty

necessary to achieve the fast transfer trips. These data are presented in

parametric form for arrival windows separated by 6-day intervals in table

_3. For arrival dates during the later portion of October, the ZAP angle ie

in the vicinity of 140 degrees. Therefore, although the trajectory para-

meters, exclusive of ZAP angle, and the arrival dates are near optimum

for these windows, the ramifications of this specific ZAP angle are many.

The results can best be seen by analyzing the latitude and longitude of the
approach asymptote for a specific window with arrival dates of 15 and 21

October. The longitude of the approach asymptote is approximately 315
degrees implying that a 45-degree longitude i_ required to achieve a euno

rise landing at Syrtie Major. The associated latitude excursion te nearly

30 degrees thereby yielding a maximum entry angle of -45 degrees, A

second extremely critical area introduced by this approach geometry le the

lander-flyby geometry where both vehicles are heading to oppo0ite sides o!
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Figure 30 TRAJECTORY PARAMETERS COMPARISON OF TWO MARS 1969
LAUNCH OPPORTUNITIES TYPE H
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Figure 31 TRAJECTORY PARAMETERS COMPARISON OF TWO MARS 1969
LAUNCH OPPORTUNITIES TYPE If
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Figure 34 MARINER 1969 PAYLOAD COMPARISON
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the planet. This motion complicates the problem of obtaining pre-impact

atmospheric and post-impact biological data via the relay communication

link. A third major problem is introduced since the approach asymptote is

within several degrees, in both latitude and longitude, of the Mars-Earth

line implying that is is virtually impossible to avoid Earth occultation dur-

ing the encounter phase and maintain a flyby on the sunlit side of the planet.

The pertinent trajectory parameters for a typical October arrival window

are presented in figures 35-38.

If the arrival date is shifted back into November these problem areas can

be alleviated. For example, the ZAP angle associated with a 12 November

arrival date is about 115 degrees. This reduction in ZAP angle decreases

the longitude excursion to achieve a sunrise landing at Syrtis Major, elim-

inates Earth occultation and reduces the problems associated with the relay

communication link. Specifically, the longitude excursion is now reduced

to between 17 and 27 degrees which, when coupled with a latitude excursion

of between 31 and 23 degrees, produces a maximum entry angle of °62 degrees.
This increase of 17 degrees in the maximum entry angle will propagate into

a significant reduction in the impact dispersion ellipse.

Based upon this cursory analysis of the trajectory parameters, the constant
arrival date window for 12 November was selected as the tentative 1971

launch window. The parameters associated with this window are presented

in table 24. This window also produces significant reductions in the time

of flight and communication range over the corresponding values associated

with the minimum departure velocity window, whereas the departure and

approach velocities are unchanged. The dispersion ellipses associated with

I and 2 midcourse maneuvers are presented where it was assumed that the

first maneuver occurs one day after injection and has spherically distrib-
uted velocity uncertainties of 0. 1 m/sec. It was assumed that sufficient

time elapses between maneuvers so that the major axis of the tracking

error is reduced by a factor of 10 basically, since the primary function of

the second maneuver is to remove velocity errors developed during the
first maneuver.

The trajectory parameters associated with this window are presented in

figures 39 to 43. If after the completion of various pert .neat system studies,

additional iterations are required to obtain the optimum window, the para-

metric information in table 23 can be employed to aid in the selection of a

more refined window.

8. Look Angles

The Earth cone-clock angles for the launch window selected are presented

in table 25 for 5 representative dates in the window. The cone angle varia-

tion associated with this window indicates that over the first portion of this

-105-
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Figure 36 TRAJECTORY PARAMETERS MARS 1971 LAUNCH OPPORTUNITY

TYPE I

-109-

/



RE-ORDERNo,_-

Figure 37 PLANETOCENTRIC LATITUDE 1971 TYPE I
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Figure 38 PLANETOCENTRIC LONGITUDE WITH RESPECT TO SUN LINE 1971
TYPE I
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Figure :39 TK_JECTORY PARAMETERS MARS 1971 LAUNCH OPPORTUNITY
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Figure 4Z PLANETOCENTRIC LATITUDE 1971 TYPE I
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Figure 43 PLANETOCENTRIC LONGITUDE WITH RESPECT TO SUN LINE 1971
TYPE I
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window the probe is launched prior to perihelion and initially passes inside

the _arthts orbit for e p_riod nf ]0 t_ 20 days. The probe initially moves

ahead of the Earth and remains there for approximately 60 days or until
the probe-Earth distance is about Z0 x 106 kin. At this point the cone angle

is minimized and the clock angle switches from the second to the third quad-

rant indicating that the probe now lags behind the Earth. Shortly after this

time both angles achieve steady-state conditions. For one representative

date in the launch wiridow the cone and clock angles are presented as a

function of distance from Earth in figures 44 and 45.

The variat._on in the Canopus cone angle shows a significant reduction over

the excursion encountered during the 1969 launch window. Since Canopus is

not at the ecliptic south pole the variation experienced in this angle is a func-

tion of the launch date and heliocentric angle traversed prior to the Martian

encounter. If the Canopus tracker was located with a nominal 84-degree

cone angle the gimbal motion could be reduced to about ±7 degrees, These
data are presented in table Z6.

During the encounter phase,this analysis was conducted for a nominal passing

altitude of 10,000 kilometers. Two specific flyby trajectory inclinations
were considered: the minimum inclination and a constant inclination of 45

degrees. As expected, there is a marked similarity between the planet

cone angle and the ZAP angle at encounter, whereas at departure, the cone

angle is essentially the supplement of the ZAP angle decreased by approxi-

mately 19 degrees to account for the trajectory bending produced by the

planet's gravi_-tional attraction during the encounter phase. The clock angle

variation indicates that just prior to periapsis passage the vehicle passes

from the southern to the northern hemisphere as the clock angle proceeds

from the second to the fourth quadrant. For 30 days after encounter, the

Earth cone-clock angles and the Canopus cone angle remain essentially in-
variant.

For an intermediate date in this launch window the cone-clock angles to the

various bodies are presented in table Z7 to illustrate the variation in these

angles over the encounter phase. In addition, this information is presented

in graphical form as a function of distance from the center of the planet in

figures 46 and 47. The discontinuity in the figures is due to the fact that

the probe never passes within I0,000 kilometers of the planet.

There is relatively no change in the data as the inclination is increased to

45 degrees except that the maximum cone angle is reduced by 35 degrees

from 163 to 128 degrees. The maximum cone" angle occurs near the point

where the Sun, probe, Canopus, and Mars are in the same plane, and is

180 degrees only when at this time the probe is on the planet-Sun line. As

the probe inclination increases the angle between the probe-Sun line and the

planet-sun line increases thereby decreasing the maximum cone angle. The
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TABLE 27

ADVANCED MARINER 1971

HYPERBOLIC LOOK ANGLES

Launch Date 5/18/71, tf = 178 days, Rp = 13400 km, i = 16.0 degrees

Time

(days)

0

1.0

Z. 0

2.5

3.0

3.2

3.4

3.5

3.51

3.52

3.53

3.54

3.55

3.60

3.66

3.76

3.96

4.56

5.61

6.61

12.11

22. 14

32.11

Planet

Cone

(degrees]

118.

118.

118.

119.

121.

124.

134.

156.

160.

163.

161.

154.

142.

86.

64.

52.

46.

42.

41.

41.

43.

48.

52.

Clock

(degrees)

6 99.

4 99.

7 99.

4 98.

7 97.

6 96.

Z 91.

5 65.

6 51.

5 26.

9 351.

2 325.

2 310.

8 286.

0 279.

6 274.

2 271.

2 268.

3 267.

3 267.

5 268.

1 269.

5 269.

Earth
C One C lo ck

(degrees) (degrees)

4

3

0

6

6

3

4

6

6

5

8

I

0

9

7

9

5

8

9

7

I

0

6

43.0

43.1

42.9

42.5

41.9

Canopus

Cone

(degrees)

282.6 91.3

282.7 91.4

91.5

91.6

282.8 91.7

91.8

92.0

92.1

282. 9 92. 8

282.9 94.1

282.7 95.3

Range from
Planet

(kin x 10 "3)

I000

725

444

3O5

164

I07

50

21

20

17

15

14

14

20

36

63

122

291

585

864

2400
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data for a 45 degree flyby trajectory inclination is summarized in table 28

and figures 48 and 49.

9. Lander-F1ybff Spatial Time Relationship

For the 1971 launch opportunity the lander-flyby spatial time relationship

poses a more serious problcm for the relay communication link if the mission

objectives of a sunrise landing at Syrtis Major are maintained. The difficulty

arises due to the sunlit approaches which characterize Type 1 Martian tra-

jectories and require the lander be placed in a retrograde orbit with an in-

clination that is a function of the ZAP angle. For the optimum arrival date

window, 15 to 21 October, a ZAP angle of 140 degrees produces alander

trajectory inclination requirement of 150 degrees, whereas, the flyby tra-

jectory is nominally inclined about 15 degrees with periapsis on the sunlit

side of the planet near the terminator. Therefore, the vehicles are head-

ing toward opposite poles and relay communication will only be feasible if

a sufficiently large slowdown velocity is applied to the flyby to allow com-

pletion of the communication phase while the flyby is still approaching the

planet along the approach asymptote. Communications under these condi-

tions would at best be marginal since there is a 55 degree central angle be-

",ween the asymptote and the lander impact position.

For a slowdown velocity of 2,000 ft/sec the flyby-lander slant ranges at

entry, E + 3, and E + 5 hours are 158,000, 120,000 and 95,000 kilometers,

respectively. The corresponding angles above the lander horizon to the

flyby are 28, 58, and 54 degrees. The improvement in the angle with time

arises from the fact that the lander is rotating at a rate of 15 deg/hr whereas

the flyby is sufficiently far from the planet to be experiencing little latitude

or longitude excursion.

For the tentative launch window selected for this launch opportunity, g May

to 3 June with an arrival date of 12 November, the communication problem

is greatly alleviated by the fact that the ZAP angle is reduced to 115 degrees.

The lander inclination is 135 degrees and the central angle between separa-

tion and the nominal lander impact position is reduced to 35 degrees. For

a flyby trajectory inclination of 15 degrees, the lander-flyby spatial time

relationship was analyzed for slowdown velocities of 750, 1,000, and 1,250

ft/sec. For this specific inclination, a slowdown velocity of 1,000 ft/se¢

produces near optimum communication conditions in that the lander and fly-

by vehicles are at coincident longitudes at both 3 and $ hours after impact.

Therefore, the angle above the lander horizon to the flyby is only a function

of the latitude difference and the flyby altitude.

For a 1,000 fps slowdown the geometry improves as the inclination of the

flyby trajectory is increased to 45 degrees thereby rotating the flyby tra-

jectory in the direction of the impact point. The angle from the lander
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TABLE 28

ADVANCED MARINER 1971

HYPER BOLIC LOOK ANGLES

Launch Date 5/18/71,¢i = 178 days,R p = 15400km,i =45 degrees

Planet Earth

Time Cone Clock Cone Clock

(days) (degrees) (degrees) (degrees) (degrees)

0

1.0

2.0

2.5

3.0

3.2

3.4

3.5

3.51

3.52

3.53

3.54

3.55

3.60

3.66

3.76

3.96

4.56

5.61

6.61

12. ii

22. II

32.11

118.

117.

117.

117.

118.

120.

123.

128.

127.

126.

123.

119.

112.

77.
64.

58.

56.

55.

55.

55.

57.

62.

65.

1 98.

8 98.

6 97.

9 96.

8 93.

1 90.

9 79.

2 46.

8 38.

6 28.

9 16.
1 2.

I 348.

1 300.

2 279.

8 267.

4 259.

3 254.

3 252.

6 251.

9 252.

0 253.

9 253.

8

4

6

6

8

6

I

9

6

4

3

7

8

7

5

I

3

0

3

8

0

I

9

43.0

43.1

42. 8

42.3

282. 6

282. 7

282. 8

282. 7

282. 5

282. 2

Canopus

Cone

(degrees)

91.3

91.4

91.5

91.6

91.7

91;8

92.0

92. 2

93.0

94. 4

95.8

Range from
Planet

(kin x 10 "3)

1000

725

444

305

164

107

50

21

20

17

15

14

14

20

36

63

122

291
585

864

2392
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horizon to the flyby is increased by 5 to 10 degrees while the slant range

c ............. e results of this analysis are presented in table _9.

10. Lander Entry Error Analysis

The same procedure previously described was employed to determine the

uncertainty in the entry parameters for one representative date in the launch

window, 18 May 1971. For this date alongitude excursion of 25 degrees

and a latitude excursion of 26 degrees are required from lander separation

to entry to achieve a sunrise landing at Syrtis Major. The resultant range

angle excursion of 35 degrees with an approach velocity of 3. 2 km/sec pro-

duces a nominal entry angle of -61 degrees. The maximum possible entry
angle on this date to impact Syrtis Major is around -70 degrees_ however,

to achieve this angle it is necessary to arrive at _he target several hours

after sunrise at which point earth communication via a direct link system

is possible for a period of 4 hours after impact. An approach velocity of
3.2 km/sec coupled with an unperturbed flyby periapsis altitude of 10,000

km yield requirements for aseparation velocity of 206 ft/sec. The azimuth

angle, 0, of the separation is essentially 90 degrees and the elevation angle,
a, is 6. 5 degrees to achieve the desired impact location.

The error sources employed in this analysis are identical with those pre-

viously stated, i.e., positional errors of 150 and 350 kilometers, a 1-percent

variation in the separation velocity and a 1 -degree uncertainty in the thrust

application angles. The results of this analysis, presented in table 30, in-

dicate that the 1-sigma variation in entry angle is 3. 30 degrees and the cor-

responding uncertainties in latitude and longitude are 4.51 and 3.06 degrees

respectively, for a positional uncertainty of 150 kilometers. The major

error source contributing to the uncertainty in the entry angle and latitude

is the error in the out-of-plane pointing accuracy associated with the separa-

tion velocity. These errors would be reduced by approximately 35 percent

if this error source were reduced by 50 percent. There are two predomin-

ant error sources that account for the majority of the longitude variation;

the first is the perturbation in the separation velocity and the second is a

positional error producing a translation of the approach asymptote in the
initial plane of motion.

The uncertainties in the lander entry parameters associated with this win-

dow are almost identical with those developed for the 1969 launch opportun-

ity and again indicate the feasibility of a Syrtis Major impact.

11. Occultation - Minimum Passing Altitude Analysis

For the 1971 launch opportunity, the approach geometry associated with

the launch window yielding the optimum arrival date presents an entirely
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TABLE 30

THREE DIMENSIONAL ENTRY ERROR ANALYSIS

Separation Latitude - 15 ° S

1 Sigma Uncertainty in Entry Parameters

Error Source

1-percent variation in velocity

1-degree error in e

1-degree error in a

_%R= 150 km alongl v,,1

AR= 150 krn along I_A v

AR= 150 km along 1
--RxV_

RSS Value _

AR= 350 km along 1 v_

AR= 350 km along I_AVI

AR= 350 kna along 1
--RxV,°

RSS Value

Entry Angle

(degrees)

1.57

0.04

2.47

0.02

1.10

1.06

3.30

0.05

2.64

2. 54

4.69

Latitude

(degrees)

0.48

0.01

4. I0

0.01

O. 19

I. 80

4.51

0.02

O. 46

4. 23

5.93

Longitude

(degrees)

-2.41

-0.08

-0.40

-0.04

-1.85

-0. 16

3.06

-0.08

-4. 35

-0.42

5.O0
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different problem than the 1969 opportunity, in that Earth occultation can-

not be easily avoided due to the fact that the approach asymptote is essen-

tially along the Earth-Mars line. Therefore, regardless of which side of

the planet the probe passes, the trajectory, after periapsis passage, will

bend behind the planet and a period of earth occultation will occur except

possibly for passing altitudes in excess of 100,000 kin. It is interesting to

note in this situation that the period of occultation decreases as the passing
altitude is reduced..This situation arises due to the increased gravitational

attraction and subsequent trajectory bending as the passing altitude is re-

duced thereby producing a departure asymptote that is sufficiently removed
from the Earth-Mars line to eliminate occultation sooner.

A significant improvement in this problem is realized for the 1971 launch

window selected for analysis. The ZAP angle associated with this window

is about 115 degrees, and therefore the approach asymptote is sufficiently

removed from the planet-Earth line such that occultation may not result

except for extremely small passing distances. Since there is now approxi-

mately 25 degrees between the Mars-Earth line and the approach asymptote,

occultation will not occur unless a passing altitude small enough to introduce

a 25-degree bending of the trajectory is employed.

For minimum inclination trajectories this altitude varies between 6,000 and

11,000 kilometers depending upon the specific launch date. This dependence

on launch date is introduced due to variation in ZAP angle with launch date.

As the inclination is increased to 45 degrees both Case I {northerly passage)
and Case II (southerly passage) trajectories were considered. The minimum

passing altitude with no Earth occultation is about 4,000 kilometers occur-

ing with a Case I trajectory as opposed to an altitude between 4,000 and

16,000 kilometers for the corresponding Case II trajectory. These data

are presented in figure 50.

Therefore, the Case I trajectory which produces the best lander-flyby geom-
etry also results in the minimum passing altitude without violation of the
Earth occultation constraint.

For these Case I trajectories, even though the occultation constraint, min-

imum near limb of planet-probe-Earth angle less than 5 degrees, is vio-

lated below altitudes of 4,000 kilometers, a passing altitude of 1,000 kilom-

eters would be required for the probe to pass behind the planet if it was

desirous to conduct a bi-static radar experiment.

There is no Canopus occultation present with .either the minimum inclination

trajectories or Case II trajectories associated with larger inclinations since

Canopus is in the southern hemisphere.

However, for the corresponding Case Itrajectories, relatively short per-
iods of occultation exist. For a passing altitude of 10,000 kilometers, the
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occultation period is about I. 5 hours and decreases to I hour for the mini-

mum passing altitude satisfying the earth occultation constraint. These re-

sults arc presented in figure 51.

12. Summary

The results of these studies indicate that the constant arrival date launch

window, g May through 3 June with an arriva.1 date of lZ November 1971,

satisfies the mission objectives. This window results in a more favorable

payload and ZAP angle than the optimum arrival date window. The payload

is increased from 1450 to 1560 pounds, whereas the ZAP angle is reduced

from 140 to 115 degrees. Additional improvements in these parameters

could be realized by further shifts in the arrival date window; however, each

shift decreases the possibility of determining the existence of life on the

planet.

It is interesting to note that although the 1971 launch opportunity is the best

during the 15-year cycle, it is feasible to develop a vehicle configuration

satisfying both the 1969 and 1971 launch opportunities. A launch window

exists in 1969 between 11 February and 15 March that has a payload capa-

bility of 1560 pounds. The arrival date for this window is likewise several

weeks after the peak wave of darkening; however, the remaining trajectory

parameters are clearly more favorable for the 1971 launch bpportunity.
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Figure 50 MINIMUM PERIAPSIS ALTITUDE SATISFYING EARTH CONSTRAINT
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Figure 51 CANOPUS OCCULTATION TIME
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3. Z LANDER SEPARATION ANALYSIS

Separation of the lander from the flyby bus to accomplish atmospheric entry may

be done in several ways. Duringthis maneuver, however, every effort must

be made to protect the sterility of the planet mass from contamination by the

unsterilized flyby bus. The probability of planet contamination can be con-

siderably lessened if the flyby bus is maintained on a transfer trajectory which

is raised away from the planet sufficiently to accomodate approximately a 4

sigma error in aiming point; the lander separation analysis assumes this

biased flyby bus trajectory.

For a split, lander-flyby, mission, a number of trade-off areas require analysis

before the selection of a nominal set of separation parameters, i.e., separa-

tion velocity, thrust application angle, separation range and aiming point, can

be accomplished. With known system errors in these parameters, it remains

to select the specific parameters in order to achieve minimum dispersion in

the lander entry conditions. To perform this analysis, a digital computer

program was developed at Avco and is completely described in Reference I.

This program assumes that Keplerian equations are adequate to completely

describe the vehicle motion in the vicinity of the target planet. In reference 2

an analysis was performed for one specific trajectory indicating that the dif-

ferences between hyperbolic and n-body influence coefficients are negligible for

separation ranges up to several million kilometers and decrease as the planet

is approached.

The digital computer simulation is based upon the parametric evaluation of

analytically derived partial derivatives of a sequence of equations used to de-

scribe the hyperbolic orbit and the separation maneuver. For the present

analysis the perturbation in the lander entry angle, )'e (angle between lander

velocity vector and the local horizontal at 800,000 feet} and the lander range

angle, 4e , (angle between the planetary radius vectors at lander separation

and entry) were examined for disturbances in:

1. magnitude of separation velocity, 8V ;

2. direction of applied velocity, 8 8; and

3. flight path angle at separation, 8ys "

An assumption was made that nominal errors in the in-track vehicle position

and velocity prior to separation would produce negligible error contributions in

the entry and range angle when compared with the contributions form the above

mentioned sources.
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Since the pertinent error sources are statistically independent, the variation

in the entry angle can be expressed by ,r

\0 AV \ a Ys '

and the Variation in the range angle by

o7 c,,, v):Co+.),-}" +: = + + 'OYs

½

A secondary output of this analysis is the separation velocity - thrust applica-

tion angle combinations to realize a specific entry angle for a given separation

range, approach velocity and periapsis altitude. For example, figures 52 to

66 present the variation in the entry angle caused by perturbations in the thrust

application angle, 0 ye/O 0 , as a function of entry angle for various values of

approach velocity and periapsis altitude. Contours of constant thrust applica-

tion angles and separation velocities provide a means for determining various

velocity-angle combinations to achieve a specific entry condition. Separation

range is introduced as a parameter for constant application angles and is seen

to be a negligible factor in influencing the magnitude of the influence coefficient

although the effect becomes more pronounced as the passing altitude is increas-

ed. The constant separation velocity contours apply for only a separation

range of 1,000,000 kilometers and the velocity for any other range, R, is

AV R = AVR=106 (-'_).

The results of this analysis dramatically indicate the advisability of applying

the separation velocity normal to the hyperbolic approach velocity. The in-

fluence coefficient is essentially zero for this application as opposed to approxi-

mately 5 deg/deg for a thrust application angle of 2-0 degrees. The results

also indicate that:

I. The separation velocity increases by a factor of between 3.5 and 5,

depending upon the entry angle, as the periapsis altitude is increased from

5,000 to 30,000 kxn; and

2. the separation velocity increases by approximately 50 percent as the

approach velocity is increased from 4 to 6 km]sec.

For a specific separation velocity and entry angle the variation in the entry

angle introduced by disturbances in the separation velocity, 07e/0 AV, is pre-

sented in figures 67 to 81 for various approach velocities and periapsis altitudes.

The separation velocities presented in these figures depict the actual separation

range-velocity conditions as opposed to the previous set of figures where the

separation velocity was for a specific separation range of 1, 000,000 kilometers.

-136-



 EO , ERNo.65'-$2 >"

__;ii_i-i :!;i :!ii'i!_ .:.:]_iEi i_i! .:d" i-:i" ii_i _i!_ _ii :=:i i:F. :..-! _ i i!-i i_i ii_i i_i!!_i: I:::: !: : :::- -:=: :::: ::="

_"i....I....i................i_'......".........i;_;::::!_.'_:_:::::'i:t_'::t'::_ I:_: _=-_:-_.: _'- :-_: :::; :::: ::: .::_.:::: =: ;;= =;'_: :;:::_':::::.=:==_:;::1:::::== =:r_;._

_:F,:;=:_,:-:,;:::.::.: !iti _:::: =:,' :=:: :_:: :_ ........ : :::!:!:.r,h_:i!!_:=:: ::: t :_::= ::.: .-. ..............

-, _ ................... i_i.;,!:-. !_i-;ti'_; :::: .=-';i:_'=. i

=._:. ......................._._

_:_:::'::;-_': -":::-h::-:t "'- .......... ;_ .......

_* ............ _ ::::::::::::::::::::::::::: _i: _"::

::" :_ i:";:" "-_ ................--_-.-!t

_::: ::_ :.-:: ::: _'!_:: .... _ ............. .< .... _*_-

_._ ....... _: ::::-_,__ i!ii_;_::_=:-._t

_-::;=i_.l____:_.._ _; _.._::i* iiii i_i;_._tli_ _ _-_ :il J_

_'!? .... t"_"r:'t .... l":: "_''l''-'|_x-'l;",; _ .... .: ...... _-t "_=-] -- "% .'; :'t ' " _'_________/_

='" : " : ..... i: ;'_.... _= :=; 'n:": ...... " ..... |---_ ..... -" _-._'_'_..'..- : '
-* ...... 1 "'':t:_'_l:'''!'_'" -- .... : "': ........ t. "'t'_ 1 ,.- .:_ .... !: l \rT:';::'-v::: , _.

_:;! ::.i:l;=::l_;_:: :,!::: ,::: .;:: :::: _-- ...... :1::::1-.1 ::,t:::t _:]-:::i..'_ .:.. !,_c," %-!..... _, ._'.'.'.'.'.'.'.'_.:'::.
I: ::r, -

::::.:::+:_1:': ! " I .. I ..................... : .: :7'_7-.-=_". I. • :.;;_.::.t..:=_.._ ..:- . 'i,L,_:::::! ::::::::::::::::::::: ]:::1::::t i:...:|::: ::==!!:::i

_:!! :f!!'_;i;_-m_il _;.Li_i!-i i!;::_::_:a,_;,_._ -:: .: 1:::: :: : ::_::: : ::4 .:.,

.... :..,, ...... ,... .... ,... I.:;:. .::: :;:- :::: : . i i :: ;l:i_:: i

: ....;;;':_ N ....._.,-,-_,.....t...I.-4...................:-....+,_

Figure 52. ENTRY ANGLE PERTURBATION INTRODUCED BY ERROR IN
THRUST APPLICATION ANGLE
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Figure 53 ENTRY ANGLE PERTURBATION INTRODUCED BY
THRUST APPLICATION ANGLE
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Figure 54 ENTRY ANGLE PERTURBATION INTRODUCED BY ERROR IN
THRUST APPLICATION ANGLE
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Figure 55 ENTRY ANGLE PERTURBATION INTRODUCED BY ERROR IN

THRUST APPLICATION ANGLE
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Figure 56 ENTRY ANGLE PERTURBATION INTRODUCED BY ERROR IN
THRUST APPLICATION ANGLE
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The constant 90 degree thrust application angle contours indicate regimes where

smaller separation velocities can no longer be applied to achieve a specific

entry angle for that separation range.

These results indicate that, whereas the magnitude of the separation velocity,

and hence the error source, is a function of the approach veiocity and periapsis

altitude, the influence coefficient is essentially independent of these parameters.

Therefore, that portion of the uncertainty in entry angle due to separation velo-

city perturbation will be minimized by employing the smallest separation velo-

city to achieve the desired entry angle. Since this velocity is realized with a

thrust application angle of 90 degrees these results are compatible with those

previously discussed in that the dispersions are minimized for velocity applica-

tions normal to the approach velocity.

The uncertainty in the vehicle flight path angle prior to the separation maneuver

can be related to an in-plane positional error (translation of the approach

asymptote) .by

A R a
_)'s =--

R s

where:

AR a- position error of approach asymptote

Rs- separation range

The influence coefficient relating variations in the entry angle to disturbances

in the flight path angle at separation, a ye/a ys, exhibits no dependence on

periapsis altitude and only weak dependence on the approach velocity. The

results presented in figure 82 indicate that the contribution to the entry angle

uncertainty produced by variations in the initial flight path angle are mimimized

by employing entry angles near 90 degrees.

To summarize the results of this analysis, it has been demonstrated that the

dispersion in the entry angle due to errors in separation velocity, thrust appli-

cation angle and initial flight path angle will be minimized when the separation

parameters are selected such that a steep entry angle consistent with mission

objectives is achieved by employing a thrust application angle essentially normal

to the approach velocity vector.

The analysis to determine the perturbations in the lander range angle produced

by disturbances in the separation parameters is iclentical in nature and results

in identical conclusions to the previous analysis, i. e. , range angle dispersions

are minimizedby utilizing a steep entry angle and a thrust application angle

normal to the approach velocity. The influence coefficients relating perturba-

tions in range angle to disturbances in thrust application angle, a Ce/aS, are

-167-
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presented in figures 83-94; the influence coefficients relating perturbations

in the range angle to disturbances in separation velocity, 8 _e/SAV, in figures

95-106 with the influence coefficients relating perturbations in the range angle

to disturbances in initial flight path angle, O _e/a),s, in figure I07.

A separate analysis was performed to determine the effects on entry angle

and range angle of inadvertent thrust application angle errors in a plane normal

to the plane of motion. Since the direction of the applied velocity is controlled

by the ACS system, it is as feasible to assume the existence of an out=of-plane

error source as the previously emp1oyedin-plane error source. The resulting

out-of-plane velocity error is

AVour.of.plane = AV sin a

For out=of=plane angles, a , of 1 and 3 degrees, the resulting cross-range

error is presented in figures 108 and 109 for an approach velocity of 4 km/sec

and peri_psis altitudes of 5,000 and 10,000 kin. For the range of parameters

selected these results indicate that the cross-range angle varies linearly with

the periapsis altitude and a . Similar results for the variation in entry angle are

presented in figures 110 and III.
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Figure 87 RANGE ANGLE PERTURBATION INTRODUCED BY ERROR IN
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Figure 90 RANGE ANGLE PERTURBATION INTRODUCED BY ERROR IN

THRUST APPLICATION ANGLE
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Figure 91 RANGE ANGLE PERTURBATION INTRODUCED BY ERROR IN

THRUST APPLICATION ANGLE
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Figure 94 RANGE ANGLE PERTURBATION INTRODUCED BY ERROR IN
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3.3 MINIMUM ENTRY ANGLE DETERMINATION

For the minimum postulated Martian atmosphere, atmosphere G, an analysis

was conducted to determine the minimum entry angle, for a direct, nonskip,

baUistic entry trajectory as a function of m/CDA. This analysis was conducted

using a modular reentry trajectory program where the vehicle is simulated by

a point mass. The importance of this analysis stems from the relationship

between the lander entry.angle and range angle,

l y_l + I,hel == 9o°;

which determines the maximum planetocentric angle of lander impact site from

the approach velocity asymptote.

For thrust application angles of 90 degrees the relationship between the hyper-

bolic approach velocity and the entry velocity presented in figure 112 is seen to

be independent of entry angle, periapsis altitude and separation range. The

skip-out angle is presented in figure 113 as a function of entry velocity and

m/CDA. For a nominal approach velocity of 4 km/sec and a vehicle m/CDA

of 0.35 slugs/ft 2 the skip-out angle is -15.8 degrees. Due to the extreme

sensitivity of skip-out angles at hyperbolic velocities this analysis assumed that

the vehicle would skip-out of the atmosphere if the flight path angle became

positive. For the maximum postulated atmosphere, atmosphere K, the skip-

out angle is approximately 2.5 degrees less for an m/CDA of 0.35 slugs/ft. Z

In the event the vehicle developed and maintained a positive lift with an L/D

ratio of 0.5 the vehicle would skip above an altitude of 500,000 feet, with an

entry velocity corresponding to an approach velocity of 4 km/sec for entry

angles less than -20 degrees. These data are presented parametricallyin

figure I14 as a function of entry velocity for an m/CDA of 0.35 slugs/ft*2.
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3.4 LANDER-FLYBY COMMUNICATION

There are two distinct critical problem areas which must be analyzed to insure

an adequate lander -flyby communicate_on relay !imk for transmission of both

pre-impact telemetry data and post-impact science data. The first factor which

must be considered is the development of the appropriate lander lead time such

that the flyby is in range for both periods of communication; the second requires

a sufficient variation between the respective orbit inclinations so that the lander

will not rotate out of view of the flyby as it approaches the lander latitude.

The lead time requirement can be achieved by either of two separate maneuvers:

lander speedup or bus slowdown. However, the lander separation analysis

indicated that due to the rapid increase in the uncertainty of the entry para-

meters as the thrust application angle is reduced from 90 degrees, bus slow-

down is the better solution provided the bus engine ha.s the restart capability

to perform the slowdown maneuver.

This present parametric analysis was conducted to show the time gain associated

with a bus slowdown maneuver with the resultant periapsis perturculation as

a function of separation ramp, approach velocity and nominal passing altitude.

This maneuver must be analyzed not only in connection with lead time require-

ment but also with respect to perturbations in the flyby periapsis altitude in-

troduced by the application of a significant velocity decrement. The time from

separation to nominal flyby periapsis, tBS P, is shown in figure 115 as a function

of separation range and approach velocity. This time is essentially independent

of the periapsis radius for radii between 5,000 and 25,000 kin. The lead time,

defined as the difference in times between flyby separation to periapsis,

tBS P, and lander separation to entry, tLS E, associated with the unperturbed

flyby trajectory is presented in figure 116. Although the lead times associated

with this maneuver are less than 0. 5 hours, the lead time appears to be a

function of passing altitude in additionto entry angle. Since the time from

lander sepre_::'n to entry is constant for a given entry angle, the dependence of

the curve _ : sing altitude indicates the variation in the flyby time from

separation '_c periapsis. The lead time is a function of passing altitude in addi-

tion to entry angle; but, since the lead times associated with this maneuver are

less than 0. 5 hours, tBS p is indeed essentially independent of passing altitude.

With the introduction of a bus slowdown maneuver there will be a definite separa-

tion range dependence associated with the lead time.

To determine the range of reasonable separation velocities, the time gain, time

from separation to perturbed periapsis, tBSPP, minus time from separation

to nominal periapsis, tBSP, was analyzed for separation ranges up to 5 x 106 km

and slowdown velocities to 6,000 fps for an approach velocity of 4 krn/sec and

a nominal periapsis altitude of 10,000 kin. These data presented in figure 117

indicate that the time gain varies nearly linearly with both seperatlon range and

separation velocity. For a separation velocity of 1,000 ft/sec at a range of

-?.03,.
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Figure 115 TIME FROM SEPARATION TO FLYBY lmERLAlmSIS VERSUS

SEPARATION RANGE
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Figure 116 LEAD TIME FROM UNPERTURBED FLYBY
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106 km the time gain is 5. 5 hours. Since the desired nominal life of the landed

science package iq =,,.,,-,.,-,-,,,._,-,-,_,_1,, r, hours, a more "_, .... _'_',_,,,_ analysis was

conducted parametrically for separation velocities up to 1,000 ft/sec. In this

analysis presented in figure 118, the following range of parameters was investi-
gated:

1. nominal periapsis altitude, 5, 000-30,000 km

Z. approachvelocit_, 3-5 km/sec

3. separation range, 106 - 5 x 106 km

This analysis shows not only the time gain but also the variation in the periapsis

altitude associated with thrust application angles of 180 degrees, i.e., slowdown

velocity applied to change magnitude of the approach velocity but not the direc-

tion. These results again indicate that there is essentially no dependence of

either time gain or the decrease in periapsis altitude with periapsis altitude.

For these slowdown velocities, the time gain is linear with respect to velocity

with the slope increasing as the approach velocity is reduced for a constant

separation range and also as the separation range is increased for a constant

approach velocity. For an approach velocity of 4 km sec a time gain of 5 hours

is achieved from separation ranges Of 106 kms and 5 x 106 km for slowdown

velocities of 900 and 190 ft/sec, respectively. For nominal passing altitudes
between 5,000 and 30,000 km the decrease in periapsis altitude is linear with

respect to separationvelocity and is about 350 km for an approach velocity of
4 km/sec, in combination with a slowdown of 1,000 ft/sec.

Uncertainties in the periapsis altitude and lead time will be introduced through

perturbations in the thrust application angle and slowdown velocity. The thrust
application angle selected to produce the maximum lead time with the minimum

velocity requirement produces the maximum perturbation in periapsis altitude

for disturbances in the slowdown parameters. The variation in the periapsis

altitude introduced by perturbations inthe thrust application angle, O rpp/8 0 ,
is presented parametrically in figure 119 for the spectrum of separation para-

meters and separation velocities. These data indicate a relatively strong

dependence on approach velocity while again there is essentially no dependence

on periapsis altitude and seperation range for a particular lead time. For an

approach velocity of 4 km/sec there is a variation of 1,330 km in the periapsis

altitude associated with a 1 degree uncertainty in the thrust application angle for
a 5-hour slowdown maneuver (900 ft/sec at 106 km and 190 ft/sec at 5 x 106 kin).

The variation in the periapsis altitude due to perturbations in the slowdown velo-

city, Orpp/O AV, is presented in figure 120. Thes_ data exhibit only mild depen-
dence on separation range and a dependence on periapsis altitude that becomes

stronger as the approach velocity decreases indicating that the contribution to

uncertainty in periapsis by perturbations in the separation velocity will be mini-

mized by employing the minimum separation velocity to achieve a specific time

-207-
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Figure 1 18 TIME GAIN FROM SLOWDOWN AND PERTURBED PERLAPSIS

VERSUS PERTU RBING VELOCITY
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Figure 1 19
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CHANGE IN PERTURBED FLYBY PERIAPSLS AS A FUNCTION OF

PERTURBING VELOCITY APPLICATION ANGLE
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gain. For an approach velocity of 4 km/sec, the variation in periapsis altitude

is approximately 0.4 krn for a 1 ft/sec uncertainty in velocity. This indicates that

slowdown velocity errors can be neglected as an appreciable error source pro-

ducing perturbations in the periapsis altitude when the thrust application angle

is 180 degrees.

For the same error sources, a similar analysis was conducted to determine

the variation in time to periapsis, at/c) 0 and at/a AV, and these results pre-

sented in figures 121 and 1ZZ indicate that for normal errors, i.e., 1 percent

error in separation velocity and 1 degree uncertainty in the thrust application

angle, the variation in time is about 5 minutes with the velocity error the major

contributor to the uncertainty.
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